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ABSTRACT

Uniform design and evaluation guidelines have been developed for protection again;
natural phenomena hazards for facilities at DOE sites throughout the United States. The
guidelines apply to design of new facilities and to evaluation, modification, or upgrade of
existing facilities. The goal of the guidelines is to assure that DOE facilities are constructed
to safely withstand the effects of natural phenomena such as earthquakes, extreme winds,
and flooding.

DOE Order 6430.1A, the General Design Criteria Manual, has recently been revised
and material from these guidelines are referenced by the revised Order as an acceptable
approach for the design or evaluation of DOE facilities for the effects of natural phenomena
hazards. This document provides earthquake ground accsleration, wind speeds, tomado
wind speeds and other effects, and flood levels corresponding to the DBE, DBW, DBT, anc
DBFL as defined in 6430.1A.

The design and evaluation guidelines presented in this document are intended to
control the level of conservatism introduced in the design/evaluation process such that
earthquake, wind, and flood hazards are treated on a reasonably consistent and uniform
basis and such that the level of conservatism is appropriate for facility characteristics such
as importance, cost, and hazards to on-site personnel, the general public, and the environ-

-m ment. For each natural phenomena hazard covered, these guidelines generally consist of

rW7 the following:

c^ 1. Facility-use categories and facility performance goals.

2 Hazard probability from which facility loading is developed.

3. Recommended design and evaluation procedures to evaluate facility responsf
to hazard loads and criteria to assess whether or not computed response is
permissible.

The first step in these design and evaluation guidelines is to establish performance
goals expressed as the annual probability of exceedance of some level of facility damage
due to natural phenomena hazards. The appropriate performance goal for a facility is

dependent on facility characteristics such as mission dependence, cost, and hazardous

functions. As an aid to selecting performance goals, facility-use categories ranging from

general use to highly hazardous use have been defined along with a corresponding per-

formance goal. Performance goal probability levels for each category are consistent with

current common design practice for general use and high hazard use facilities.

The likelihood of occurrence of natural phenomena hazards at DOE sites has been

evaluated. Probabilistic hazard models for earthquake, extreme wind/tomado, and flood fo

each DOE site are available from earlier phases of the DOE Natural Phenomena Hazard
Program. To achieve the facility performance goal, hazard annual probabilities of excee-

dance are specified with design and evaluation procedures that provide a consistent level

of conservatism.
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While performance goals and hazard levels are expressed in this document in proba-
bilistic terms, deterministic design and evaluation procedures are presented. Design/eva-
luation procedures recommended in this document are intended to conform closely to
common standard practices such that they are easily understood by most engineers. The
intended audience for these guidelines is primarily the civil/structural or mechanical engi-
neers conducting the design or evaluation of facilities.

Performance goals are expressed in terms of structure or equipment damage to the
extent that the facility cannot function, that the facility would need to be replaced, or that
personnel are endangered. The performance goals in this document do not refer to the
consequences of structure or equipment damage beyond those just described. For exam-
ple, this document does not attempt to set performance goals in terms of off-site release of
hazardous materials, general public safety, or environmental damage per NRC safety goals.
These guidelines contain information needed for the first two steps in a natural phenomena
risk assessment: characterization of the hazard and procedures for structural analysis. The
remaining steps in estimating risk extend to consequences beyond the levels of facility
damage addressed in the performance goals, and these steps are not covered in this docu-

ia, ment.
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I INTRODUCTION

1.1 OVERVIEW OF THE DOE NATURAL PHENOMENA HAZARDS PROJECT

Lawrence Livermore National Laboratory (LLNL), under contract to the Assistant Sec-

retary for Environment, Safety and Health, Office of Safety Appraisals (OSA) of the U.S.

Department of Energy (DOE), is developing uniform design and evaluation criteria for
protection against natural phenomena hazards for facilities at DOE sites throughout the United

States. The overall goal of this program is to provide guidance and criteria for design of new
facilities and for evaluation, modification, or upgrade of existing facilities such that DOE facilities
are adequately constructed to safely withstand the effects of natural phenomena such as
earthquakes, extreme winds, and flooding. This goal is being achieved by the natural phe-
nomena hazards program illustrated in Figure 1-1.

PHASE 1

DEFINE ER6SfING CRITICAL FACILITIES

AT EACH SITE l/fl9[ HELP OF SITE PERSONNEL

ft^

^

CRITICAL FACILITY ( PROPOSED OR EXISTING)

PHASE 2

DEVELOP HAZARD MODELS FOR EACH SITE

" s-f^mfo wtnA Pfood

I"L^ I PHASES 3 AND ♦
EVALUATE EACH FACILITY ON A UNIFORM AND RATIONAL BASIS

SPECIFY RESPONSE
s.e.r

^uw

EVALUATION PROCEDURES

--------------------------
____---------------

__---

-------

_________.

AND

DETERMINE APPROPRIATE PERMISSIBLE RESPONSE

HAZARD LEVEL ( PHASE 3) CRITERIA (PHASE 3)

_ __________________-_____________-___-_

GOOD DESIGN DETAILING AND PRACTICES (PHASE 4)

FIGURE 1-1.

FLOW DIAGRAM OF THE NATURAL PHENOMENA HAZARDS PROJECT
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This program consists of the following phases:

1. Gathering information including selection of specific DOE sites to be inclu
the project and identifying existing critical facilities at each site.

2. Evaluating the likelihood for natural phenomena hazards at DOE sites. Pt
developed.hazard models for earthquake, extreme windftomado, and floc
each DOE site.

3. Preparing design and evaluation guidelines that utilize information on the I
hood of natural phenomena hazards for the design of new facilities and tha
uation, modification, or upgrade of existing facilities.

4. Preparing manuals describing and illustrating good design practice for stru
tures, equipment, piping, etc. for earthquake and wind/tomado loadings. T
manuals will be used in either design of new facilities or upgrading of existii
facilities. Also, conducting supporting studies on specific problem areas re,
to the mitigation of natural phenomena hazards.

The guidelines presented in this document are the results of the third phase of this pi

k• These guidelines, along with manuals on structural details and supporting studies on sF

problem areas, should enable DOE and site personnel to design or evaluate facilities fc

effects of natural phenomena hazards on a uniform and rational basis.

Several phases have been completed. The first phase - selecting DOE sites and i

tifying critical facilities - was completed many years ago. The development of probabi

definitions of earthquake and wind hazards at 25 DOE sites across the country has also t

completed. The seismic hazard definitions have been published In LLNL report U,

•,. 53582,Rev.1 (Reference 1). The wind/tornado hazard definitions have been published in L

- report UCRL 53526,Rev.1 (Reference 2). Note that seismic hazard estimates have b

p changing rapidly during the last 5 years since Ref. 1 was completed. A number of ongc

studieswhichare.notcurrentlyavailablewillprovidethebasisforupgradingRef.1 inthefutL

However, Ref. 1 represents the best currently available information on seismic hazard at

DOE sites.

There is an ongoing flood screening evaluation to establish which sites have a potent

flood hazard and which sites do not and to develop preliminary probabilistic flood haza

definitions. These evaluations have currently been completed for the eight AlbuquerqL

Operations Office sites and for the Richland Operations Office site, with results being publishea

in LLNL report UCRL 53851 (Reference 3). Through the use of screening analysis, flooding

can be eliminated for some sites as a design consideration. For those sites in which flooding

is a significant design consideration, probabilistic definitions of the flood hazard will be refined

by additional investigation.

:: ;:•
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Design and evaluation guidelines (i.e., Phase 3) have been prepared and are presented

in this document. A wind design practice manual has been completed. Preparation of a

seismic design practice manual is now being planned. In addition, supporting studies have

been published on seismic bracing of suspended ceilings (Reference 4) and on seismic

upgrade and strengthening guidelines for equipment (Reference 5).

1.2 OVERVIEW OF THE DESIGN AND EVALUATION GUIDELINES

The design and evaluation guidelines presented in this document are intended to provide

relatively straightforward procedures to evaluate, modify, or upgrade existing facilities or

design new facilities forthe effects of natural phenomena hazards. The guidelines are intended

to control the level of conservatism introduced in the design/evaluation process such that: (1)

earthquake, wind, and flood hazards are treated on a reasonably consistent and uniform basis;

and (2) the level of conservatism Is appropriate for facility characteristics such as, importance,

cost, and hazards to on-site personnel, the general public, and the environment.
tr .

171, For each natural phenomena hazard covered by this report, these guidelines generally

M
consist of the following:

1. Facility-use categories and facility performance goals.

2. Hazard probability from which facility loading is developed.

3. Recommended design and evaluation procedures to evaluate facility response to
hazard loads and criteria to assess whether or not computed response is permis-
sible.

w.4

Note that these guidelines do not cover practice and procedures forfacility design or upgrading

detailing; these matters are to be covered by separate documents.

The first step in these design and evaluation guidelines is to establish performance goals
expressed as the annual probability of exceedance of some level of facility damage due to

natural phenomena hazards. The appropriate performance goal for a facility is dependent on

facility characteristics such as mission dependence, cost, and hazardous functions of the
facility. As an aid to selecting performance goals, facility-use categories ranging from general
use to highly hazardous use have been defined, along with a corresponding performance

goal. Performance goal probability levels for each category are consistent with current

common design practice for general use and high-hazard use facilities.

1-3



To achieve the facility performance goal, hazard annual probabilities of exceedance are

specified along with design and evaluation procedures with a consistent level of conservatism.

While performance goals and hazard levels are expressed in this document in probabilistic

terms, deterministic design and evaluation procedures are presented. Design/evaluation

procedures recommended in this document are intended to conform closely to common

standard practices such that they are easily understood by most engineers. Note that these

guidelines do not preclude the use of probabilistic approaches or alternative approaches,

which are also acceptable if it can be demonstrated that the specified performance goals are

met.

The framework under which these guidelines have been developed allows for their use

in an overall risk assessment as shown in Figure 1-2.

CHARACTERIZATION OF HAZARD
Earthquake

Extreme Wind
^p Flood

L

Building and Equipment Response
Permissible Behavio r Cri teria

^

SOURCE TERM

117
i?uantity, Rate, and

^? Characteristics of Release

;<;
I

Meteorology

L
Demography

^`
I-

Ecoloav

RISK ESTIMATE

;^ Natural Phenomena
Hazards Project

FIGURE 1-2.

FLOW DIAGRAM FOR ASSESSMENT OF RISK

FROM NATURAL PHENOMENA HAZARDS
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These guidelines contain information needed for the first two steps in a natural phenomena

risk assessment: (1) characterization of the hazard and (2) procedures for structural analysis.
The remaining steps in estimating risk are not covered in this document. For an example of
an overall risk assessment applied to commercial plutonium fabrication facilities, see Refer-
ences 6 and 7. The resulting estimate from an overall risk assessment could be compared
with the NRC Safety Goals (Reference 8) to decide if the risk is acceptable.

Performance goals are expressed in terms of structure or equipment damage to the
extent that the facility cannot function, that the facility would need to be replaced, or that
personnel safety is endangered. The performance goals in this document do not refer to the
consequences of structure or equipment damage beyond those just described. For example,
this document does not attempt to set performance goals in terms of off-site release of haz-
ardous materials, general public safety, or environmental damage. The intended audience
forthe guidelines in this report is primarily thecivii/structural or mechanicai engineer conducting

s^ the design or evaluation of facilities. The interests of safety engineers extend to consequences

beyond the levels of facility damage addressed in this document.

Existing crfteriafor the design and evaluation of DOE facilities are provided by the General

° Design Criteria Manual, DOE Order 6430.1A (Reference 9). DOE Order 6430.1A has recently
i^- been revised, and material from these guidelines are referenced by the revised Order as an

acceptable approach for the design or evaluation of DOE facilities for the effects of natural

phenomena hazards. DOE 6430. 1A requires that facilities be designed for design basis events
including natural phenomena hazards, fire, accidents, etc. Design basis events due to natural

phenomena hazards as defined in 6430.1A include earth uakes DBE , winds (DBq ( ) V4), tor-
- nadces (DBT), and floods (DBFL). This document provides earthquake ground acceleration,

;N wind speeds, tornado wind speeds and other effects, and flood levels corresponding to these

rys events for usage in design and evaluation of facilities.

The remainder of this chapter defines some of the terminology used in this report and

briefly describes the seismic, wind, and flood hazard information from References 1, 2, and
3. Chapter 2 covers aspects of these design and evaluation guidelines common to all natural

phenomena hazards. In particular, facility-use categories and performance goals are dis-

cussed in this chapter. Chapter 3 provides general discussion of the effects of natural phe-

nomena hazards on facilities. Specific design and evaluation guidelines for earthquakes,

extreme winds, and floods are presented in Chapters 4, 5, and 6, respectively. In particular,

these chapters discuss recommended hazard probabilities as well as design and evaluation

procedures for response evaluation and permissible behavior criteria.

1-5



1.3 TERMINOLOGY AND DEFINITIONS

HAZARD-Theterm "hazard" is defined as asource of danger. Inthis report, natural phenomena

such as earthquakes, extreme winds, and floods are hazards to the buildings, equipment,

piping, and other structures making up DOE facilities. Toxic or radioactive materials contained

within facilities are also hazards to the population or environment in the vicinity of DOE facilities.

Throughout this report, the term "hazard" is used to mean both the external sources of danger

(such as potential earthquakes, extreme winds, orfioods) and internal sources of danger (such

as toxic or radioactive materials).

ANNUAL PROBABILITY OF EXCEEDANCE - The likelihood of natural phenomena hazards

has been evaluated on a probabilistic basis in References 1, 2, and 3. The frequency of

occurrence of parameters describing the external hazard severity (such as maximum earth-

quake ground acceleration, maximum wind speed, or maximum depth of inundation) is esti-

mated by probabilistic methods. Common frequency statistics employed for rare events such

^ as natural phenomena hazards include return period and annual probability of exceedance.

rn Retum period is the average time between consecutive events of the same or greater severity

(for example, earthquakes with maximum ground acceleration of 0.2g or greater). It must be

emphasized that the return period is only an average duration between events and should not

be construed as the actual time between occurrences, which would be highly variable. If a

^ given event of return period, T, is equally likely to occur any year, the probability of that event

being exceeded in any one year is approximately 1/T. The annual probability of exceedance,

of an event is the reciprocal of the return period of that event. As an example, consider a

site at which the return period for an earthquake of 0.2g or greater is 1000 years. In this case,

the annual probability of exceedance of 0.2g is 10-3 or 0.1 percent.

^. EXCEEDANCE PROBABILITY FOR A GIVEN NUMBER OF YEARS - It is of interest in the

design of facilities to define the probability that an event will be exceeded during the design

life of the facilities. For an event with return period, T, and annual probability of exceedance,

p, the exceedance probability, EP, over design life, n, is given by:

EP = 1-(1-p)n = 1-(1-1/T)n = 1-e-n/T (1-1)

where EP and p are expressed as fractions of unity and n and T are expressed in years. As

an example, the exceedance probabilities over a design life of 50 years of a given event with

various annual probabilities of exceedance are as follows:

^^t..
.
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,p I EP over 50 years

10-2 0.39

10-3 0.05

10-4 0.005

10-5 0.0005

Hence, an event with a 10-2 annual probability of exceedance (100 year return period) has a

39 percent chance of being exceeded In a 50-year period, while an event with a 10-4 annual

probability of exceedance has only a 0.5 percent chance of being exceeded during a 50-year

period.

HAZARD CURVES - In References,1, 2 and 3, the likelihood of earthquake, wind, and flood

hazards at DOE sites has been defined by graphical relationships between maximum ground

acceleration, maximum wind speed, or maximum water elevation and return period (reciprocal

"T of annual probability of exceedance). These relationships are termed seismic, wind or flood

hazard curves. The earthquake or wind loads or the flood levels used for the design or

r n evaluation of DOE facilities are based on hazard parameters from these curves at selected

annual probabilities of exceedance.

PERFORMANCE GOALS - The likelihood of adverse facility behavior during natural phe-

nomena hazards can also be expressed on a probabilistic basis. Goals for facility performance

during natural phenomena hazards have been selected and expressed in terms of annual

probability of exceedance. As an example, if the performance goal is 10-3 annual probability

of exceedance for structural damage, there would be less than about a 5 percent chance that

such damage could occur over a 50-year design life. If the performance goal is 10-4 annual
N probability of exceedance for structural or equipment damage, there would be about a 0.5

eqT% percent chance of such damage over a 50-year design life. The level of damage considered

in the performance goal depends on the facility characteristics; for example, the performance

goal for general use facilities is major damage to the extent that occupants are endangered.

However, the performance goal for hazardous use facilities is lesser damage to the extent that

the facility cannot perform its function.

CONFIDENCE LEVEL - Because of. the uncertainty in the.underlying hazard process (e.g.,

earthquake mechanism for seismic hazard), performance goals or hazard probabilies can be

specified at higher confidence levels to provide greater conservatism for more critical condi-

tions.

1-7



1.4 EARTHQUAKE, WIND, AND FLOOD HAZARDS FOR DOE FACILITIES

For the facility design and evaluation guidelines presented herein, loads induced by

natural phenomena hazards are based on external hazard parameters (e.g., maximum

earthquake ground acceleration, maximum wind speed, and maximum depth of inundation)

at specified annual probabilities of exceedance. As a result, probabilistic hazard curves are

required at each DOE facility. This information can be obtained from independent site-specific

studies or from References 1, 2, and 3 for earthquake, wind, and flood hazards, respectively.

The hazard information from these references is discussed throughout this report. In con-

junction with these design and evaluation guidelines, the use of independent site specific

evaluations of natural phenomena hazards may also be used asthe basisfor loads on facilities.

Seismic and wind hazard curves have been evaluated by site-specific studies of the DOE

sites considered (References 1 and 2). In addition, flood hazard curves have been evaluated

for some of the DOE sites considered (Reference 3). Flood hazard curves developed from

screening studies are currently available for the eight Albuquerque Operations Office sites and

^ for the Richland Operations Office site. Example hazard curves are presented in Figures 1-3,

1-4 and 1-5 in which hazard parameters are given as a function of return period in years or

the annual probability of exceedance.
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For earthquakes, Reference 1 presents best estimate peak ground accelerations as a
function of return period in the manner illustrated by Figure 1-3. Acceleration values correspond
to the maximum acceleration that would be recorded by a three-axis strong-motion instrument
on a small foundation pad at the free ground-surface. In addition, ground response spectra
for each site are provided in Reference 1. Ground response spectra indicate the dynamic
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amplification of the earthquake ground motion during linear, elastic, seismic response of

facilities. These spectra provide information about the frequency content of potential earth-

quake ground motion at the site.

In Reference 2, mean predicted maximum wind speeds as a function of return period

and annual probability of exceedance are given in the manner illustrated by Figure 1-4 for the

25 DOE sites considered. At annual probabilities of exceedance where tornadoes govern the

wind loading on facilities, Reference 2 also specifites tomado-related effects. These effects

include atmospheric pressure change and windbome missiles, which must be considered in

the design and evaluation of facilities. At annual probabilities of exceedance where straight

winds govern the wind loadings, these tomado related effects do not significantly affect facility

behavior and need not be considered.

Reference 3 provides the results of flood hazard evaluation work performed to date for

DOE sites. The results of this work are flood hazard curves in which mean water elevation is

; y expressed as a function of return period and annual probability of exceedance as shown in

^ Figure 1-5. Note that the work performed thus far is the result of flood screening analyses

and not detailed flood hazard studies, such as those conducted for seismic and wind hazards.

The scope of the flood screening analysis is restricted to evaluating the flood hazards that

^ may exist in proximity to a she. The analysis does not involve an assessment of the potential

encroachment of flooding at individual facility locations. Furthermore, the screening analyses

do not consider localized flooding at a site due to precipitation (e.g., local run-off, storm sewer

,, capacity, roof drainage). The results of the flood screening analyses serve as the primary

input to DOE site managers to review the impact of flood hazards on individual facilities and

to evaluate the need for more detailed flood hazard assessment.
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2 GENERAL DESIGN AND EVALUATION GUIDELINES

2.1 DESIGN AND EVALUATION PHILOSOPHY

The guidelines presented in this document are intended to assure acceptable per-

formance of DOE facilities in the event of earthquake, wind/tornado, and flood hazards. As

discussed in Chapter 1, performance is measured herein by performance goals which are

expressed as an annual probability of natural phenomena recurrence and resultant unac-

ceptable damage. These annual probabilities of unacceptable damage are intended to be

consistent with standard engineering practice for both normal use and hazardous use facilities.

it must be emphasized that the performance goals referred to in this document correspond

to probabilities of structure or equipment damage due to natural phenomena hazards and do

not correspond to phenomena such as off-site release of hazardous materials or casualties

and injuries to the general public. These performance goals do not extend to consequences

beyond structure or equipment damage.
hA

The responsibility for selecting performance goals rests with DOE management...;,
Selection of performance goals for facilities subjected to natural phenomena hazards should

be based on characteristics of the facility under consideration, including:

1. Vulnerability of occupants.

2. Cost of replacement of facility and contents.

3. Mission dependence or programmatic impact of the facility on operations at the
DOE site.

4. Characteristics of hazardous materials contained within the facility, including
quantity, physical state, and toxicity.

5. Factors affecting off-site release of hazardous materials, such as a high energy
source or transport mechanism, as well as off-site land use and population distri-
bution.

For example, a much higher likelihood of damage would be acceptable for an unoccupied

storage building oflowvaluethan for a high-occupancyfaciiity or afacility containing hazardous

materials. Facilities containing hazardous materials which, in the event of damage, threaten

public safety or the environment, and which are under close public scrutiny, should have a

very low probability of damagedueto natural phenomena hazards (i.e., much lower probability

of damage than would exist from the use of conventional building code design and evaluation

procedures). For ordinary facilities of relatively low cost, there is no reason to provide additional
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safety over that consistent with conventional building codes. Furthermore, it is probably not

cost-effective to pay for additional resistance over that resulting from the use of conventional

building codes that consider extreme loads due to natural phenomena hazards.

Because acceptable performance depends on facility characteristics, design and eval-

uatioh guidelines are provided for several different performance goals. To aid DOE man-,

agement in the selection of appropriate performance goals, facility-use categories are

described herein, each with different facility characteristics, as listed above. These categories

are sufficiently complete to allow assignment of most DOE facilities into a category. Category

descriptions represent the understanding of the authors as to what types of facilities should

be associated with different performance goals, and they are offered as guidance to DOE

management in performance goal selection for specific facilities. it is the responsibility of DOE

management to decide what performance goals are appropriate for each portion of facilities

under consideration.^.r.

"p^ The annual probability of exceedance offaciifty damage as a result of natural phenomena

r", hazards (i.e., performance goal) is a combinedfunction ofthe annual probability of exceedance

.of the event, factors of safety introduced by the design/evaluation procedures, and other

sources of conservatism. By these guidelines, hazard annual probabilities of exceedance,

response evaluation methods, and permissible behavior criteria are specified for each natural

phenomena hazard and for each facility-use category such that desired performance goals

are achieved for either design of new facilities or evaluation of existing faciifties. The difference

in the hazard annual probability of exceedance and the performance goal annual probability

of exceedance establishes the level of conservatism to be employed in the design or evaluation

process. For example, if the performance goal and hazard a#nnual probabilities are the same,
IN the design or evaluation approach should be median or mean centered; that is, It should

introduce no conservatism. However, if conservative design or evaluation approaches are

employed, the hazard annual probability of exceedance can be larger (i.e., more frequent)

than the performance goal annual probabiiity. In the guidelines presented herein, the hazard

probability and the conservatism in the design/evaluation method are not the same for

earthquake, wind, and flood hazards. However, the accumulated effect of each step in the

design/evaluation process should lead to reasonably consistent performance goals for each

hazard.

Design and evaluation guidelines are presented in Chapters 4, 5, and 6 for earthquake,

wind, and flood hazards, respectively. These guidelines are deterministic procedures which

establishfaciiity loadings from probabilistic hazard curves, recommend methods for evaluating

2-2



facility response to these loadings, and provide criteria to judge whether computed facility

response is acceptable. These guidelines are intended to apply equally to the design of new

facilities and to the evaluation of existing facilities. In addition, the guidelines are intended to

cover buildings, equipment, piping, and other structures.

The guidelines presented in this report primarily cover (1) methods of establishing load

levels on facilities from natural phenomena hazards and (2) methods of evaluating the behavior

of structures and equipment to these load levels. These items are very important and are

typically emphasized in design and evaluation criteria. However, there are other aspects of

facility design which are equally important and should be considered. These aspects include

quality assurance considerations and attention to design details. Quality assurance requires

peer review of design drawings and calculations, inspection of construction, and testing of

material strengths, weld quality, etc. The peer reviewers should be qualified personnel who

were not involved in the original design. Important design details include measures to assure

s,n ductile behavior and to provide redundant load paths, as well as proper anchorage of

equipmentand non-structural building features. Although quality assurance and design details

are not discussed in this report to the same extent as hazard load levels and response eval-

uationuation methods, the importance of these parts of the design/evaluation process should not

° be underestimated. Quality assurance and peer review are briefly addressed in Section 2.5,

in addition to discussions in the individual chapters on each natural phenomena hazard.

Design detailing for earthquake and wind hazards is covered by separate manuals currently

being prepared or planned.

2:2 PERFORMANCE GOALS AND FACILITY-USE CATEGORIES

As stated previously, it is the responsibility of DOE management to selectthe appropriate

performance goal for specific facilities. This may be accomplished by either of the following

. two approaches:

1. Place facilities or portions of facilities into facility-use categories based on charac-
teristics such as mission dependence, occupancy, amount and type of hazard-
ous materials involved, and distance to population centers.

2. Place facilities or portions of facilities into facility-use categories based on the
associated performance goals as presented in this section and on an indepen-
dent assessment of the appropriate performance goal for the facility.

Note that the categories are intended to provide general guidance for reasonable facility

categorization and performance goals. DOE management may either accept the performance
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goals assigned to each category herein or else independently establish performance goals

specifically for individual facilities or parts of facilities. In either case, the guidelines presented

in this. report may be utilized for design or evaluation.

2.2.1 Facility-Use Categories

Four facility-use categories are suggested herein for design/evaluation of DOE facilities

for natural phenomena hazards. The four categories are (1) General Use, (2) Important or

Low Hazard, (3) Moderate Hazard, and (4) High Hazard as defined in Table 2-1.

TABLE 2-1

FACILITY-USE CATEGORY GUIDELINES

General Use
Facilities

Important or Low
hw Hazard Facilities

Moderate Hazard
Facilities

Facilities which have mission dependent use (e.g., laboratories, production faeilities,
and computer centers) and emergency handling or hazard recovery facilities (e.g.,
hospitals, fire stations).

Facilities where confinement of contents is necessary for
tection. Examples would be uranium enrichment plants, c
the handling or storage of significant quantities of radioacti or

Ih Hazard Facilities where confinement of contents and public and environment protection are
acilities of paramount importance (e.g., facilities handling eubstantial quantities of in•process

plutonium or fuel reprocessing facilities). Facilities in this category represent hazards
with potential long term and widespread effects.

fT>

General Use and Important or Low Hazard categories correspond to facilities whose

design or evaluation would normally be governed by conventional building codes. The General

Use category includes normal use facilities for which no extra conservatism against natural

-- phenomena hazards is required beyond that in conventional building codes that include

earthquake, wind, and flood considerations. Important or Low Hazard facilities are those

- where it is very important to maintain the capacity to function and to keep the facility operational

in the event of natural phenomena hazards. Conventional building codes would treat hospitals,

fire and police stations, and other emergency handling facilities in a similar manner to the

requirements of these guidelines for Important or Low Hazard facilities.

Moderate and High Hazard categories apply to facilities which deal with significant

amounts of hazardous materials. Damageto thesetypes offacilities could potentially endanger

worker and public safety and the environment. As a result, It is very important for these facilities

to continue to function in the event of natural phenomena hazards, such that the hazardous

materials may be controlled and confined. For both of these categories, there must be a very
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small likelihood of damage due to natural phenomena hazards. Guideline requirements for

Moderate Hazard facilities are more conservative than requirements found in conventional

building codes. Requirements for High Hazard facilities are even more conservative.

Factors• distinguishing Moderate and High Hazard facilities are that the operations

involving dangerous materials in High Hazard facilities pose a greater threat due to the potential

for more widespread and/or long term contamination in the event of off-site release. Examples

of High Hazard operations are those involving large quantities of in-process radioactive or

toxic materials that have a high energy source or transport mechanisms that facilitate off-site

dispersion of these materials. High energy sources, such as high pressure and temperature

steam or water associated with the operations of some facilities, can provide the means for

widespread dispersion of hazardous materials. Radioactive material in liquid or powder form

or toxic gases are more easily transportable and may result in the facility being classified High

Hazard. Hazardous materials in solid form or within storage canisters or casks may result in

the same facility being classified Moderate Hazard. High Hazard facilities do not necessarily

r°s represent as great a hazard as commercial nuclear power plants which must be licensed by

on the Nuclear Regulatory Commission (NRC). The design and evaluation guidelines contained

in this document are not intended to apply to facilities subject to NRC licensing requirements.

Table 2-2 illustrates that categories defined in these guidelines are compatible with facility

categorization from other sources.

TABLE 2-2

COMPARISON OF FACiLlTy-USE CATEGORIES FROM VARIOUS SOURCES

^9,e
Source Facility Categorization

UCRL-15910 - DOE Natural
Phenomena Hazard Guidelines

General Use Important or Low
Hazard

Moderate Hazard High Hazard

1g88 Uniform Building Code General Facilities Essential Facilities - -

DOD TriService Manual for Seismic
Design of Essential Buildinga

- - High Risk Essential

IAEA-TECDOC-348 - Nuclear Facilities
with Umited Radioactive invemory

- Class C Class 8 Class A

DOE 5481.18 SAR System - Low Hazard Moderate Hazard High Hazard

NFPA 13 (Classifications for Sprinkler
Systems)

Light Hazard Ordinary Hazard
(Group 1)

Ordinary Hazard
(Group 3)

Extra Hazard

Nuclear Regulatory Commission - •

* NRC licensed commercial nuclear power plants have slightly more conservative criteria than the criteria recommended
for High Hazard facilities by these guidelines.
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2.2.2 Performance Goals

Table 2-3 presents performance goals for each facility-use category.

TABLE 2-3

PERFORMANCE GOALS FOR EACH FACILITY-USE CATEGORY

Facility Use Performance Goal Performance Goal Annual
Category Description Probability of Exceedance

General Maintain Occupant Safety 103 of the onset of major structural damage to the eztem
Use that occupants are endangered

Important or Occupant Safety, Continued Operation Sx10'4 of facility damage to the extem that the facility
Low Hazard with Minimal Interruption cannot perform Its function

Moderate Occupant Safety, Continued Function, 10'4 of facility damage to the etoent that the facility
Hazard Hazard Confinement cannot perform Its function

High Occupant Safety, Continued Function, Very10'5 of facility damage to the extent that the facility
Hazard High Coniidence of Hazard Confinement cannot perform its function

The design and evaluation guidelines for facilities subjected to natural phenomena hazards

r> presented in this document have been specified to meet these performance goals. The basis

for selecting these performance goals and the associated annual probabilities of exceedance

.are described briefly in this section.

- For General Use facilities, the primary concern is preventing major structural damage

gw orfacility collapse that would endanger personnel within the facility. A performance goal annual

probability of exceedance of about 10-3 of the onset of significant facility damage is appropriate

for this category. This performance is considered to be consistent with conventional building

codes (References 10, 15, and 16), at least for earthquake and wind considerations. The

.primary concern of conventional building codes is preventing major structural failure and

-^ maintaining life safety under major or severe earthquakes or winds. This primary concern for

preventing structural failure does not consider repair or replacement of the facility or the ability

of the facility to continue to function after the occurrence of the hazard..,..

Important or Low Hazard Use facilities are of greater importance due to mission-

dependent considerations. In addition, these facilities may pose a greater danger to on-site

personnel than general use facilities because of operations or materials within the facility. The

performance goal is to maintain both capacity to function and occupant safety. Important or

Low Hazard facilities should be allowed relatively minor structural damage in the event of

natural phenomena hazards. This is damage that results in minimal interruption to facility

operations and that can be easily and readily repaired following the event. A performance

goal annual probability of exceedance of between 10-3 and 10-4 of structure/equipment

damage, to the extent that the capacity of the facility is able to continue to function with minimal
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interruption, is judged to be reasonable. This performance goal is believed to be consistent

with the design criteria for essential facilities (e.g., hospitals, fire and police stations, centers

for emergency operations) in accordance with conventional building codes such as Reference

10.

Moderate orHigh Hazard Use facilities pose a potential hazard to the safety of the general

public and of the environment due to the presence of radioactive or toxic materials within these

facilities. Concerns about natural phenomena hazards for these categories are facility damage

tothe extent that significant amounts of hazardous materials cannot be controlled and confined,

occupantg are endangered, and functioning of the facility is interrupted. The performance

goal for Moderate Hazard facilities is to limit damage such that confinement of hazardous

materials is maintained. The performance goal for High Hazard facilities is to provide very

high confidence that hazardous materials are confined during and following a natural phe-

nomena hazard occurrence. Maintaining confinement of hazardous materials requires that

"` damage be limited.in confinement barriers. Structural members and components should not

be damaged to the extentthat breach ofthe confinement or containment envelope is significant.

Furthermore,ventilationfilteringandcontainersofhazardousmaterialswithinthefacilityshould

not be damaged to the extent that they are not functional. In addition, confinement may depend

on maintaining safety-related functions, so that monitoring and control equipment should

remain operational following, and possibly during, the occurrence of severe earthquakes,

winds, or floods.

For High Hazard facilities, a performance goal of an annual probability of exceedance

of about 10-5 of damage, to the extent that confinement functions are impaired, is judged to

be reasonable. This performance goal approaches, at least for earthquake considerations,

the performance goal for seismic induced core damage associated with design of commercial

nuclear power plants (References 17, 18, 19, and 20). For Moderate Hazard facilities, a per-

formance goal of an annual probability of exceedance of about 10-4 of damage, to the extent

that confinement functions are impaired, is judged appropriate.

2.3 EVALUATION OF EXISTING FACILITIES

These guidelines for natural phenomena hazards can be used for design of new facilities •

and evaluation, modification, or upgrade of existing facilities. In fact, these guidelines are

primarily applicable to existing DOE facilities, since new design work may be infrequent. While

new facilities can be designed in accordance with these guidelines, existing facilities may or

may not meet the recommendations of these guidelines. For the earthquake hazard, most

^,.
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facilities built a number of years ago in the eastern United States were designed without

consideration of potential earthquake hazard. As a result, it is likely that some older DOE

facilities do not meet the earthquake guidelines presented herein.

If an existing facility does not meet the natural phenomena hazard design/evaluation

guidelines, several options need to be considered as illustrated by the flow diagram in Figure

2-1.

EVALUATE EXISTING

FACILITY USING

HAZARD GUIDELINES

IF GUIDELINES ARE NOT
IF GUIDELINES ARE MET, MET, ALTERNATE OPTIONS

THE FACILITY IS MUST BE CONSIDERED
ADEQUATE FOR NATURAL

^.., PHENOMENA HAZARDS
UPGRADE EASY-TO-REMEDY

DEFICIENCIES OR
WEAKNESSES

..,.^ IF SUFFICIENT, FACILITY IF CLOSE TO MEETING
IS ADEQUATE FOR NATURAL GUIDELINES, REEVALUATE
PHENOMENA HAZARDS USING HAZARD PROBABILITY

OF TWICE THE RECOMMENDED
VALUE ( NOT FOR FLOOD) ^,.

[4^

IF UNSUCCESSFUL, CONDUCT
MORE RIGOROUS EVALUATION

-wa REMOVING ADDED CONSERVATISM
INTRODUCED BY INITIAL si

,_.. . EVALUATION METHODS

• IF UNSUCCESSFUL.
i,. STRENGTHEN FACILITY

IF SUCCESSFUL, FACILITY
IS ADEQUATE FOR NATURAL OR
PHENOMENA HAZARDS

CHANGE THE USAGE OF
THE FACILITY TO A

CATEGORY WITH LESS

FIGURE 2-1

EXISTING FACILITY EVALUATION APPROACH

, ^..
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Potential options for existing facilities include:

1. Conduct a more rigorous evaluation of facility behavior to reduce added conser-
vatism which may be introduced by simple techniques used for initial facility eval-
uation. Alternatively, a probabilistic assessment of the facility might be
undertaken in order to demonstrate that the performance goals for the facility can
be met.

2. The facility may be strengthened such that its resistance to hazard effects is
sufficiently increased to meet the guidelines.'

3. The usage of the facility may be changed so that it falls within a less hazardous
facility-use category and consequently less stringent requirements.

Deficiencies orweaknesses uncovered byfacility evaluation thatcan be easily remedied should
generally be upgraded without considering the other options listed above. It is often more
cost-effective to implement simple facility upgrades than to expend effort on further analytical
studies.

If an existing facility is close to meeting the guidelines, a slight increase in the annual risk
to natural phenomena hazards can be allowed because of (1) the difficulty in upgrading anac^
existing facility compared to incorporating increased resistance in a new design and also
because (2) existing facilities may have a shorter remaining life than a new facility. As a result,
some relief in the guidelines for earthquake and wind/tornado evaluations can be allowed by
performing the evaluation using hazard exceedance probability of twice the recommended
value. For example, if the hazard annual probability of exceedance for the facility under
consideration was 10-4, it would be acceptable to reconsider the facility at hazard annual

^*qR

probability of exceedance of 2x10-4. This would have the effect of slightly reducing the seismic
and wind loads due to these natural phenomena hazards in the facility evaluation. Relief in
the guidelines is not permitted for flood evaluation since the performance of facilities during
floods is very sensitive to the water elevation and a factor of two increase in hazard exceedance
probability would result in a significant increase in water elevation.

Evaluating existing facilities differs from designing new facilities in that both the as-built
and as-is condition of the existing facility must be assessed. This assessment includes
reviewing drawings and conducting site visits to determine deviations from the drawings and
any in-service deterioration. In-place strength of the materials can be used when available.
Corrosive action and other aging processes, which may have had deteriorating effects on the
strength of the facility, should be considered. Evaluation of existing facilities would be similar
to evaluations performed of new designs except that a single as-is configuration is evaluated
instead of several configurations in an iterative manner, as required in the design process.
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Evaluations should be conducted in order of priority, with highest priority given to those areas

identified as weak links by preliminary investigations and to areas that are most important to

personnel safety and operations with hazardous materials.

2.4 QUALITY ASSURANCE AND PEER REVIEW

To achieve well-designed and constructed facilities resistant to natural phenomena

hazards or to assess whether existing facilities are well designed and constructed for natural

phenomena hazard effects, it is recommended that important, hazardous (Important or Low

Hazard, Moderate Hazard, and High Hazard categories) or unusual facilities be designed or

evaluated utilizing an engineering quality assurance plan. Specific details about engineering

quality assurance plans depend on the natural phenomena hazard considered. As a result,

such plans are described in some detail in each of the remaining chapters of this document.

In generat, an engineering quality assurance plan should Include the following

requirements. On the design drawings or evaluation calculations, the engineer must describe

the hazard design basis including 1) description of the system resisting hazard effects and 2)

definition of the hazard loading used for the design or evaluation. Design or evaluation cal-

,culations should be checked for numerical accuracy and for theo,ry and assumptions. For

new construction, the engineer should specify a material testing and construction inspection

program. In addition, the engineer should review all testing and inspection reports as well as

^ periodically visit the site to observe compliance With plans and specifications. For important

or hazardous facilities, all aspects of the design or evaluation must include Independent peer

review. For various reasons, a designer may not be able to devote as much attention to natural

phenomena hazard design as he or she might like. Therefore, it is required that the design

bereviewedbyaquafified,independentconsultantorgroup. Forexistirgfacilities,theengineer

conducting an evaluation for the effects of natural phenomena hazards will likely be qualified

^ and will be able to devote his full attention to evaluating the adequacy of the facility to withstand

these particular hazards. In this case, an independent review is not as Important as It is for a

new design. Even so, for major hazardous facilities, it may be prudent to have concurrent

independent evaluations performed or to have the evaluation independently reviewed.

For more information concerning the impfementation of a formal engineering quality

assurance program and peer review, Chapters 10 and 13 of Reference 21 should be consulted.

This reference should also be consulted for Information on a construction quality assurance

program consistent with the implementation of the engineering quality assurance program.
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3 EFFECTS OF NATURAL PHENOMENA HAZARDS

3.1 EFFECTS OF EARTHQUAKES

For most facilities, the primary seismic hazard is earthquake ground shaking. These

guidelines specifically cover the design and evaluation of buildings, equipment, piping and

other structures for shaking. Other earthquake effects which can be devastating to facilities

include differential ground motion induced by fault displacement, liquefaction, and seismic-

induced slope instability and ground settlement. These latter earthquake effects must be

avoided in facility siting, or the hazard must be eliminated by foundation design or site

modification. Existing facilities located an active fault traces, adjacent to potentially unstable

slopes, or on saturated, poorly consolidated cohesionless soil or fill material pose serious

questions as to their usage for critical missions or handling hazardous materials.

While earthquake hazards of potential fault movement or other gross soil movement are

typically avoided or mitigated, the earthquake ground shaking hazard is unavoidable. When

a structure or component is subjected to earthquake shaking, its foundation or support moves

with the ground or with the structural element on which it rests. If the structure or equipment

is rigid, it follows the motion of its foundation, and the dynamic forces acting on it are nearly

equal to those associated with the base accelerations. However, if the structure is flexible,

large relative movements can be induced between the structure and its base. Earthquake

.. :,. ground shaking consists of a short duration oftime varyingmotionwhichhassignifcantenergy

content in the range of frequencies of many structures. Thus, for flexible structures, dynamic

amplification is possible such that the motions of the structure may be significantly greater

than the ground shaking motion. In order to survive these motions, the structural elements

must be sufficiently strong, as well as sufficiently ductile, to resist the seismic-induced forces

and deformations. The effects of earthquake shaking on structures and equipment depend

not only on the earthquake motion to which they are subjected, but also on the properties of

the structure or equipment. Among the more important structural properties are the ability to

absorb energy (due to damping or inelastic behavior), the natural periods of vibration, and

the strength or resistance.

Earthquake ground shaking generally has lateral, vertical, and rotational components.

Structures are typically more vulnerable to the lateral component of seismic motion; therefore,

a lateral force-resisting system must be developed for structures to survive strong earthquakes

without collapse or major damage. Typical lateral force-resisting systems for buildings include

moment-resisting frames, braced frames, shear walls; diaphragms, and foundations. Properly

designed lateral force-resisting systems provide a continuous load path from the top of the
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structure down to the foundation. Furthermore, it is recommended that redundant load paths

exist. Proper design of lateral force-resisting systems must consider the relative rigidities of

the elements taking the lateral load and their capacities to resist load. An example of lack of

considerationfor relative rigidity are frames with brittle unreinforced infill walls which are not

capable of resisting the loads attracted by such rigid construction. In addition, unsymmetrical

arrangement of lateral force-resisting elements can produce torsional response which, If not

accounted for in design, can lead to damage.

Earthquake ground shaking causes limited energy transient loading. Structures have

energy absorption capacity through material damping and hysteretic behavior during inelastic

response. The capability of structures to respond to earthquake shaking beyond the elastic

limit without major damage is strongly dependent on structural design details. For example,

to develop ductile behavior of inelastic elements, it is necessary to prevent premature abrupt

failure of connections. For reinforced concrete members, design is based on ductile steel

reinforcement in which steel ratios are limited such that reinforcing steel yields before concrete

crushes, abrupt bond or shear failure is prevented, and compression reinforcement includes

adequate ties to prevent buckling or spalling. With proper design details, structures can be

designed to undergo different amounts of inelastic behavior during an earthquake. For =

example, if the goal is to prevent collapse, structures may be permitted to undergo large
law »

inelastic deformations; damage to the extent that the structure would have to be repaired or

replaced may occur. If the goal is to allow only minor damage such that there is minimal or

no interruption to the functioning of the structure, relatively small inelastic deformations should

be permitted. For new facilities, it is assumed that by proper detailing, permissible levels of

inelastic deformation can be reached at the specified force levels without unacceptable

^ damage. In the case of existing facilities, the amount of inelastic behavior that can be allowed

without unacceptable damage must be estimated from the as-buiR condition of the structure.

Earthquake ground shaking also affects building contents and nonstructural features

such as windows, facades, and hanging lights. It is not uncommon for the structure to survive

an earthquake without serious structural damage but to have significant, expensive, and

dangerous internal damage. This damage could be caused by overturned equipment or

shelves, fallen lights or ceilings, broken glass, and failed infill walls. Glass and architectural

finishes may be brittle relative to the main structure and can fail well before structural damage

occurs. Windows and cladding must be carefully attached in order to accommodate the

seismic movement ofthe structure without damage. Building contents can usually be protected

against earthquake damage by anchorage to the floor, walls, or ceiling.
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Facilities in which radioactive materials are handled aretypicaUy designed with redundant

confinement barriers between the hazardous material and the environment. Such barriers

include:

1. The building shell

2. Ventilation system filtering and negative pressurization inhibiting outward air flow.
3. Storage canisters or glove boxes for storage or handling within the building.

Release of radioactive material to the environment requires failure of two or more of these

barriers. Thus, seismic design considerations for these facilities aim to prevent collapse and

control cracks or openings (i.e., failed doors, failed infill walls, etc.) such that the building can

function as a hazardous materials confinement barrier. Seismic design considerations also
include adequate anchorage and bracing of glove boxes and adequate anchorage of venti-

lation ducting, filters, and pumps to prevent their damage and loss of function during an

+7 earthquake. Storage canisters are usually very rugged and are not particularly vulnerable to

earthquake damage.

CO Earthquake damage to components of a facility such as tanks, equipment, instrumen-
^ tation, and piping can also cause injuries, loss of function, or loss of confinement. Many of

these items can survive strong earthquake ground shaking with adequate anchorage. Some
:.^ items, such as large vertical tanks, must be examined in more detail to assure that there is an

adequate lateral force-resisting system for seismic loads. For components mounted within a
structure, there are three additional considerations for earthquake shaking. First, the input

excitation for structure-su rted com onents is the responseppo p motion of the structure (which

-- can be amplified from the ground motion) and not the earthquake ground motion. Second,
potential dynamic coupling between the component and the structure must be taken into

account if the component is massive enough to affect the seismic response of the structure.

Third, large differential seismic motions may be induced on components which are supported

at multiple locations on a structure or on adjacent structures.
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3.2 EFFECTS OF WIND

In this document, three types of winds are discussed: extreme (straight), hurricane, and

tornadowinds. Extremewindsrefertonon-rotatingwindssuchasthosefoundinthunderstorm

gust fronts. Wind circulating around high or low pressure systems are rotational in a global

sense, but are considered "straighY"winds in the context used herein. Tornadoes and hurri-

canes both have rotating winds. The diameter of rotating winds in a small hurricane is con-

siderably larger than the diameter of a large tornado. However, most tornado diameters are

relatively large compared tothe dimensions of typical buildings. It isestimated thatthe diameter

of 80 percent of all tornadoes is greater than 300 feet.

Wind pressures produced by extreme winds are studied in boundary layer wind tunnels.

The results generally are considered reliable because they have been verified by selected full

scale measurements. Investigations of damage produced by extreme winds tend to support

the wind tunnel findings. Although the rotating nature of hurricane and tornado winds cannot
F^

easily be duplicated in the wind tunnel, damage investigations suggest that pressures pro-

duced on enclosed buildings and other structures are similar to those produced by extreme

co winds, if the relative direction of the rotating wind is taken into account. The appearance of

damage to buildings and other structures produced by extreme, hurricane and tornado winds

is so similar that it is almost impossible to look at damage to an individual structure and tell

which type of wind produced it. Thus, the approach for determining wind pressures on
cT•, _ . . ,

buildings and other structures proposed in this document is considered independent of the

type of windstorm. Therecommendedprocedureisessentiallythesameforstraight,hurricane,

<^! and tornado winds:

^ 3.2.1 Wind Pressures

:-•d
Wind pressures on buildings can be classified as external and internal. External pres-

sures develop as air flows over and around enclosed buildings. The air particles change

speed and direction, which produces a variation of pressure on the external surfaces of the

building. At sharp edges, the air particles separate from contact with the building surface with

an attendant energy loss. These particles produce large outward acting pressures near the

location where the separation takes place. To accountfor the large pressures near separations

and the more uniform pressure over the rest of the surface, external pressures may be treated

as local pressures and overall pressures. External pressures act outward on all surfaces of

an enclosed building except on windward walls and on steep windward roofs. Overall external
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pressures include pressures on windward walls, leeward walls, side walls, and roof. Local
pressures occur at wall corners, eaves, ridges, and roof corners. They act outward over a
limited area

Internal pressures develop when air flows into or out of an enclosed building through

broken windows, open doors, or fresh air intakes. Natural porosity of the building also allows

air to flow into or out of the building In some cases. The internal pressure can be either inward
or outward depending on the location of the openings. if air flows into the building through
an opening in the windward wall, a"ballooning' effect takes place: pressure inside the building

increases relative to the outside pressure. The pressure change produces additional net

outward-acting pressures on all interior surfaces. An opening in any other wall or leeward

roof surface permits air to flow out of the building: pressure inside the building decreases

relative to the outside pressure. The pressure change produces net inward-acting pressure

on all interior surfaces. Internal pressures combine with external pressures acting on a buil-

ding's surface.

On structures other than buildings - such as towers, tanks, or chimneys - interestfocuses
^ on the net force acting to overturn or slide the structure, rather than the wind pressure distri-

bution. The magnitude of these forces is determined by wind tunnel or full-scale tests. Also,

in special instances, particularly associated with aerodynamically sensitive structures, it may

be necessary to consider vortex shedding or flutter as a design requirement. Typical sensitive

structures are: chimneys, stacks, poles, cooling towers, cable-stayed or supported bridges,
and relatively light structures with large smooth surfaces.

^ys

- Gusts of wind produce dynamic pressures on structures. Gust effects depend on the

y` gust size relative to building size and gust frequency relative to the natural frequency of the

building. Except for tall, slender structures (designated wind-sensitive structures), the gust.,..
frequencies and the structure frequencies of vibration are sufficiently different that resonance

effects are small, but they are not negligible. The size (spatial extent) of a gust relative to the

size of the structure, or the size of a component on which the gust impinges, contributes to

the magnitude of the dynamic pressure. A large gust that engulfs an entire structure has a

greater dynamic effect on the main wind force resisting system than a small gust whose extent

only partially covers the building. On the other hand, a small gust may engulf the entire tributary

area of components such as a purlin, a girt, or cladding. In any event, wind loads may be

treated as quasi-static loads by including an appropriate gust response factor in calculating
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the magnitude of wind pressures. Extreme wind, hurricane, and tornado gusts are not exactly

the same. However, errors owing to the difference in gust characteristics are believed to be

relatively small for those structures that are not wind sensitive.

The roughness of terrain surrounding a structure significantly affects the magnitude of

wind speed. Terrain roughness is typically defined in four classes: urban, suburban, open,

and smooth. Wind speed profiles as a function of height above ground are represented by a

power law relationship for engineering purposes. The relationship gives zero wind speed at

ground level. The wind speed increases with height to the top of the boundary layer, where

the wind speed remains constant with height.

3.2.2 Additional Adverse Effects of Tornadoes

In addition to wind pressures produced by tornadoes, low atmospheric pressure and

debris transported by the tornado winds (tornado-generated missiles) pose additional potential

damage.

Atmospheric pressure change (APC) affects only sealed buildings. Natural porosity,

openings, or breach of the building envelope permits the inside and outside pressures of an

unsealed building to equalize. Openings of one sq ft per 1000 cu ft volume are sufficiently

large to permit equalization of inside and outside pressure as a tomado passes over a building.

ar Buildin s or other enclosures that are s cificall sealed, e.g.,g pe y a hot cell, will experience the

tnet pressure difference caused by APC. When APC is present, it acts outward and combines

with external wind pressures. The magnitude of APC is a function of the tangential wind speed

of the tomado. However, the maximum tornado wind speed and the maximum APO pressure

~ do not occur at the same place. The lowest APO occurs at the center of the tornado vortex,

whereas the maximum wind pressure occurs at the radius of maximum winds, which ranges

^ from 150-500 feet from the tornado center. The APC pressure is approximately one-half its

maximum value at the radius of maximum wind speed.

The rate of APC is a function of the tornado's translational speed, which can vary from

5 to 60 mph. A rapid rate of pressure change can produce adverse effects on HVAC systems.

Violent tornado winds can pick up and transport various pieces of debris, including roof

gravel, pieces of sheet metal, timber planks, pipes, and other objects that have high surface

area to weight ratios. Automobiles, storage tanks, and railroad cars may be rolled or tumbled

by tornado winds. In extremely rare instances, large-diameter pipes, steel wide-flange beams,
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and utility poles might be transported by very intense tornado winds. These latter missiles are

so rare that practicality precludes concern for their potential damage except for high hazard

facilities comparable to commercial nuclear power plants.

Missiles that should be considered in the design and evaluation of DOE facilities include

a 15-Ib, 9c4-in. timber plank; a 75-Ib, 3-in.-diameter steel pipe; and a 3000-lb automobile. The

2c4-in. timber missile is typical of debris found in the destruction of office trailers, storage

sheds, residences, or other light timber structures. Hundreds of these missiles can be gen-

erated in the destruction of a residential neighborhood. The 3-in.-diameter steel pipe repre-

sents a class of debris that includes electrical conduit, liquid and gas piping, fence posts, and

lightcolumns. Thismissileisiessfrequentlyavailablefortransport thanthe9c4timber. Tornado

winds can roll or tumble a 3000 lb automobile, pickup trucks, small vans, forklifts, and storage

tanks of comparable size and weight.

The three types of missiles produce varying degrees of damage. A specific type of

construction is required to stop each missile. The 2x4-in. timber missile is capable of breaking

glass and perforating curtain walls or unreinforced masonry walls. Reinforced concrete or

masonry walls are required to stop the pipe missile. Timber and pipe missiles can perforate

weak exterior walls and emerge with sufficient speed to perforate interior partitions or glove

boxes. They also can damage HVAC ducts, HEPA filter enclosures, or pieces of control

equipment. Theimpactofarollingortumblingautomobileproducesfailurebyexcessstructurai

response. Load bearing walls, rigid frames, and exterior columns are particularly susceptible

to these objects. Failure of one of these elements could lead to progressive collapse of the

structural system.

3.2.3 Effects on Structural Systems

T A structural system consists of one-dimensional elements and two-dimensional sub-

systems that are combined to form the three-dimensional wind-load resisting system. The

structural system is enclosed by walls and roof that make up the building envelope. Wind

pressures develop on the surfaces ofthe building envelope and produce loads on the structural

system, which in turn transmits the loads to the foundation. The structural system also must

support dead and live loads.

Individual elements that make up the two-dimensional subsystems include girders,

beams, columns, purlins, girts, piers, and footings. Failure of the elements themselves is

relatively rare. Element connections are the more common source of failure. A properly

conceived wind-force resisting system should notfail as a result of the failure of a single element
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or element connection. A multiple degree of redundancy should be provided which allows

redistribution of load in a ductile system when one element of the system is overloaded.

Two-dimensional subsystems transmit wind loads from their points of application to the

foundation. Typical subsystems include braced frames, rigid frames, shear walls, horizontal

floor and roof diaphragms, and bearing walls. The subsystem must have sufficient strength

and stiffness to resist the applied loads without excessive deflection or collapse. The three-

dimensional wind-load resisting system is made up of two or more subsystems to form an

overall system that is capable of transmitting all applied loads through various load paths to

the foundation.

The main wind-force resisting system must be able to resist the wind loads without

collapse or excessive deformation. The system must have sufficient ductiiityto permit relatively

large deformations without sudden or catastrophic collapse. Ductility implies an ability of the

system to redistribute loads to other components of the system when some part is overloaded.

Keys to successful performance of the wind-resisting system are well-designed con-

r^ nections and anchorages. Precast concrete structures and pre-engineered metal buildings

generally have not demonstrated the same degree of satisfactory performance in high winds

^ or tornadoes as conventional reinforced concrete and steel structures. The chief cause of the

inadequate behavior is traced to weak connections and anchorages. These latter systems

tend to have a lesser number of redundancies, which precludes redistribution of loads when

yielding takes place. Failure under these circumstances can be sudden and catastrophic.

Timber structures and those which rely on unreinforced load-bearing masonry walls suffer

from weak anchorages and a lack of ductility, respectively. These systems, likewise, can

experience sudden collapse under high wind loads. Reinforced masonry walls have inherent

strength and ductility of the same order as reinforced concrete walls. Weak anchorages of

^ roof to walls sometimes lead to roof upl'rft and subsequent collapse of the walls.

3.2.4 Effects on Cladding

Cladding forms the surface of the building envelope. Cladding on walls includes window

glass, siding, sandwich panels, curtain walls, brick veneer, masonry walls, precast panels,

and in-fill walls. Roof cladding includeswood and metal deck, gypsum planks, poured gypsum,

and concrete slabs. Roofing material, such as built-up roofs or single-ply membrane systems,

are also a part of the roof cladding.
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Cladding failure results in a breach of the building envelope. A breach can develop
because offaiiure of the cladding itself (excess'rveyieiding or fracture), inadequate connections
or anchorages, or perforation by missiles. Sometimes cladding provides lateral support to
purlins, girts, and columns. If the cladding or its anchorage fails, this lateral support is lost,

leaving the elements with a reduced ioad-carrying capacity.

Most cladding failures result from failure of fasteners or the material in the vicinity of the
fastener. Cladding faiiures initiate at locations ofhigh local wind pressures such as wall corners,
eaves, ridges, and roof comers. Wind tunnel studies and damage investigations reveal that
local pressures can be one to five times greater than overall external pressures.

Breach of the building envelope resulting from cladding failure allows air to flow into or
out of the building, depending on where the breach occurs. The resulting internal pressures
add to other external wind pressures, producing a worse loading case. Water damage is also
a possibility, because most severe storms are accompanied by heavy rainfall.

If the, building envelope is breached on two sides of the building, e.g., the windward and

leeward walls, a channel of air can flow through the building from one opening to the other.
-- The speed of the flowing air is related to the wind speed outside the building. A high-speed

air flow (greater than 40 mph) could collapse interior partitions, pick up small pieces of

fill equipment, or transport toxic or radioactive materials to the environment.

^^t

N
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3.3 EFFECTS OF FLOODING

3.3.1 Causes and Sources of Flooding and Flood Hazards .

There are a number of phenomena that can cause flooding in the vicinity of a site. For

each cause or source of flooding, a facility may be exposed to one or a number of fiood

hazards. in most cases, the principal hazard of interest is submergence or inundation.

However, significant damage can also occur'rf there are impact or dynamic forces, hydrostatic

forces, water-borne debris, etc. Depending on the cause of flooding (e.g., river flooding,

coastal storm surge) and the hazard (e.g., submergence, wave forces), the consequences

can be very different.

Table 3-1 lists the various types or causes of flooding that can occur and the particular

,

CY)

hazards they pose.

TABLE 3-1

CAUSES OF FLOODING

Source/Cause Hazard

River flooding Inundation, dynamic forces, wave action, sedimentation, ice loads
- precipitation
-snow melt
•debrisjams
- ice jams

Dam failure Inundation, erosion, dynamic kmds, eedimentation
- earthquake
-flood
-landstlde
- statio failure (e.g., internal erosion, failure of outlet
works)

Levee or dike failure inundation, erosion, dynamic loads, sedimentation
- earthquake
- flood
- static failure (e.g.,imemal erosion, subsidence)

Precipitation/storm runoff Inundation (ponding), dynamic ko®ds (flash flooding)

Tsunami Inundation, dynamic k.iads
-eanhqueke

Seiche Inundation, dynamic kmids
-eanhquake
-wind

Storm surge, usually accompanied by wave action Inundation, dynamic loads
- hurricane
- tropical storm
- squall line

Wave action Inundation, dynamic loads

Debris Dynemicloeds

From the table, one notes that many of the causes or sources of flooding may be interrefated.

For example, flooding on a river can occur due to dam or levee failure or precipitation.
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Depending on the type of flooding and local conditions, the particular hazard posed by
afloodcanvary. For example, extreme flooding on a river may simply inundat3 a site. hlowever,

in a different situation, channel conditions may be such that prior to the site being inundated,

high flows could lead to embankment erosion and structural damage to levees or dikes.

Similarly, at coastal sites, storm surge and/or wave action can pose different hazards to a site.

In most cases, flood hazards are characterized in terms of the depth of flooding that

occurs on site. This is reasonable since the depth of inundation Is probably the single most

relevant measure of flood severity. However, the type of damage that is caused by flooding

depends very much on the nature of the hazard. For example, it is not uncommon that coastal

sites can suffer significant damage due to wave action alone, even if the site is not completely

inundated by astorm surge. Similarly, high-velocityflood waters on a river can add substantially

to the threat of possible loss of life and the extent of structural damage. In many cases, the

other hazards - such as wave action, sedimentation, and debris flow - can compound the

damage caused by inundation.

3.3.2 Flooding Damage

In many ways, flood hazards differ significantly from other natural phenomena consid-

ered in this document. As an example, it is often relatively easy to eliminate flood hazards as

a potential contributor to the chance of damage at a hazardous facility by strict siting

requirements. Similarly, the opportunity to effectively utilize warning systems and emergency

procedures to limit damage and personnel injury is significantly greater in the case of flooding

N than it is for seismic or extreme winds and tornadoes.

The damage to buildings and the threat to public health vary depending on the type of

flood hazard. In general, structural and non-structural damage will occur if a site is inundated.

- Depending on the dynamic intensity of on-site flooding, severe structural damage and com-

plete destruction of buildings can result. In many cases, structural failure may be less of a

concern than the damaging effects of inundation on building contents and the possible

transport of hazardous or radioactive materials.

For hazardous facilities that are not hardened against possible on-site and in-building

flooding, simply inundating the site can result in a loss of function of equipment required to

maintain safety and in a breach of areas that contain valuable or hazardous materials.
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Structural damage to buildings depends on a number of factors related to the intensity

of the flood hazard and the local hydraulics of the site. Severe structural damage and collapse

generally occur as a result of a combination of hazards such as flood stage level, flow velocity,

debris or sediment transport, wave forces, and impact loads. Flood stage is quite obviously

the single most important characteristic of the hazard (flood stages below grade generally do

not result in severe damage).

In general, the consequences of on-she flooding dramatically increase because flooding

varies from submergence to rapidly moving water loaded with debris. Submergence results

in water damage to a building and its contents, loss of operation of electricai components,

and possible structural damage resulting from extreme hydrostatic loads. Roof collapse can

occur when drains become clogged or are inadequate, and when parapet walls allow water,

snow, or ice to collect. Also, exterior walls of reinforced concrete or masonry buildings (above

and below grade) can crack and possibly fail under hydrostatic conditions.

7r
Dynamic flood hazards can cause excessive damage to buildings not properly designed

to withstand dynamic forces. Where wave action is likely, erosion of shorelines or river banks

can occur. Structures located near the shore are subject to continuous dynamic forces that

can break up a reinforced concrete structure and at the same time undermine the foundation.

"'? Buildings with light steel frames and metal siding, wooden structures, and unreinforced

C;,.1 masonry are susceptible to severe damage and even collapse If they are exposed to direct

__- dynamic forces. Reinforced concrete buildings are less likely to suffer severe damage or

collapse. Table 3-2 summarizes the damage that various flood hazards can cause occur to
..,,

buildings and flood protection devices.

TABLE 3-2

FLOOD DAMAGE SUMMARY

Hezard Damage

Submergence Water damage to building contents; kus of Nectric power and

component function; settlements of dikes, keveea; levee overtopping

Hydrostatic Loads Can cause cracking in walls and foundation damage; ponding on

roofs can cause collapse; levees and dikes can fall due to hydro-

static pressure and leakage

Dynamic Loads Erosion of embankments and undermining of seawalls, high

dynamic loads can cause aevare structural damage, erosion of

iewros
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The transport of hazardous or radioactive material represents a major consequence of

on-site flooding if containment buildings or vaults are breached. Depend:ng on the form and

amount of materiai, the effects could be long-term and widespread once the contaminants

enter the ground water or are deposited in populated areas.

^

cu^
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4 EARTHQUAKE DESIGN AND EVALUATION GUIDELINES

4.1 INTRODUCTION

This chapter and Appendix A describe the philosophy and procedures for the design or
evaluation of facilities for earthquake ground shaking. Much of this material deals with how
seismic hazard curves such as those given in Reference 1 may be utilized to establish Design
Basis Earthquake (DBE per Reference 9) loads on the facility; how to evaluate the response
of the facility to these loads; and how to determine whether that response is acceptable with
respect to the performance goals described in Chapter 2. In addition to facility evaluation for
seismic loading, this chapter covers the importance of design details and quality control to
earthquake safety of facilities. These earthquake design and evaluation guidelines are equally
applicable to buildings and to items contained within the building, such as equipment and
piping. In addition, the guidelines are intended to cover both new construction and existing
facilities.

`r, Design of facilities to withstand earthquake ground motion without significant damage
co or loss of function depends on the following considerations:

^ 1. The facility must have sufficient strength and stiffness to resist the lateral loads
induced by earthquake ground shaking. If a facility is designed for insufficient
lateral forces or if deflecKions are unacceptably large, damage can result, even to
well-detailed facilities.

2. Failures due to brittle behavior or instability which tend to be abrupt and poten-
tially catastrophic must be avoided. The facility must be detailed in a manner to
achieve ductile behavior such that it has greater energy absorption capacity than
the energy content of earthquakes.

3. The behavior of the facility as it responds to earthquake ground motion must be
fully understood by the designer such that some "weak link" which could produce
an unexpected failure is not overlooked.

4. The facility must be constructed in the manner specified by the designer. Materi-
als must be of high quality and as strong as specified by the designer. Construc-
tion must be of high quality-and conform to the design drawings.

Specification of lateral load levels and methods of evaluating facility response to these
loads (i.e., Item 1 above) are the primary subjects of this chapter. They are discussed in
Section 4.2, Appendix A, and Section 4.4. In addition, Reference 22 addresses these subjects.
Items 2, 3, and 4 assure good seismic design of facilities and they are described in Section
4.3: References 23 and 24 may be consulted for additional guidance on these items. Section
4.2 presents specific seismic design and analysis guidelines recommended for DOE facilities.
Section 4.3 describes good earthquake design detailing practice and recommended quality
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assurance procedures. Section 4.4 discusses important seismic design and evaluation

consideratioris such as effective peak ground motion, soil-structure interaction, and evaluation

of equipment and piping and existing facilities. Appendix A provides commentary which

describes the basis for the guidelines presented in Section 4.2.

4.2 SEISMIC GUIDELINES FOR EACH FACILITY-USE CATEGORY

4.2.1 General

This section presents the specific procedures for seismic design and evaluation of

facilities in each facility-use category. Seismic design and evaluation procedures include the

following steps:

1. Selection of earthquake response spectra.

2. Evaluation of earthquake response.

3. Estimation of seismic capacity.

n 4. Assurance of proper details and quality construction.

00 For each facility-use category, a recommended exceedance probability for the earth-

.-., quake hazard level is specified from which the peak ground acceleration may be determined

from the hazard curves in Reference 1 or from other site-specific studies. Utilizing this peakI^..

ground acceleration, a deterministic approach is outlined by which both the demand placed

on a facility and the capacity of that facility may be evaluated. From these data, new facilities

may be designed such that the demand-capacity ratios are acceptable or the adequacy of an

^V existing facility subjected to the specified earthquake motion can be evaluated.

The procedures presented herein are intended to meet the performance goals for

structural oehavior of facilities as defined in Chapter 2. This is accomplished by specifying

hazardprobabiiitiesofexceedancealongwithseismicbehaviorevaluationproceduresinwhich

the level of conservatism introduced is controlled such that desired performance can be

achieved. The guidelines generailyfoilowthe 1988 UBC provisions (Reference 10) for General

Use and Important or Low Hazard facilities and the DOD Tri-service manual for essential

buildings (Reference 11) for Moderate or High Hazard facilities. Minimum seismic design

requirements for Moderate and High Hazard facilities are also based on the 1988 UBC pro-

visions. Table 4-1 summarizes recommended earthquake design and evaluation guidelines

for each facility-use category. Specific procedures are described in detail in Sections 4.2.2

and 4.2.3. The basis for these procedures is described in Appendix A.
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TABLE 4-1
SUMMARY OF EARTHQUAKE EVALUATION GUIDELINES

^.n

eg^

FACILITY-USE CATEGORY

Geurd Use
I

important or Moderate High
Low Hezerd Hazard Hezard

HAZARD EXCEEDANCE 2x103 1x103 1x10-3 2x10-4
PR08ABILITY

RESPONSE. Median AmpliBcation
SPECTRA (no conseivative bias)

DAMPING 5% Post Yield
(Table 44)

ACCEPTABLE Static or Dynamic Dynamic Anaysis'
ANALYSIS Foru Method Normalized

APPROACHES to Code Level Sase Shear

IMPORTANCE 1=1.0 1=1.25 Not Used'
FACTOR

LOAD Code SpecBfed Load Factors Appropriate Load Factors of Unity
FACTORS for Structurel Material

INELASTIC Accounted for by Rw Fu from Table 4-2
DEMAND- in Code Base Shear Applied to Dead Load
CAPACrrY Equation (Ref. 10 Plus Live Load
RATIOS and Table 4-2) Plus Earthquake

MATERIAL Minimum Specified or Known In-a@u Values
STRENGTH

STRUCTURAL CAPACnY Code Ultimate or Yield Level
Allowable Level

PEER REVIEW, - Required
CA, SPECIAL
INSPECTION

iya

Minimum seismic requirements in these categories include static analysis per USC provisions with I= 2.0 and
i,J^ Z from hazerd exceedance probability for category considered.

- 4.22 Evaluation of General Use & Important or Low Hazard Facility Seismic Behavior

Design or evaluation of General Use and Important or Low Hazard facilities for earth-

quake hazards is based an normal building code seismic provisions. In these guidelines,
Reference 10, the 1988 edition of the Uniform Building Code is followed for these facility-use

categories. Basic steps in the seismic design and analysis process are summarized in this

section. All 1988 UBC provisions are to be followed for General Use and Important or

Low Hazard facilities (with modifications as described below), regardless of whether

they are discussed herein.

In the 1988 UBC provisions, the lateral force representing the earthquake loading on

buildings is expressed in terms of the total base shear, V, given by the following equation:

V=ZICW/RW (4-1)
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where: Z = a seismic zone factor equivalent to peak ground acceleration,
I a factor accounting for the importance of the facility,
C = a spectral amplification factor,
W the total weight of the facility,
Rw = a reduction factor to account for energy absorption capability

of the facility (Ref. 10 values are shown in Table 4-2).

t^'f

^,..

.w.

.«-

For General Use and important or Low Hazard DOE facilities, it is recommended that

the 1988 UBC provisions be followed, with the exception that Z be evaluated from the hazard

curves in Reference 1, and C is the amplification factor from 5% damped median response

spectra. It is recommended that both new and existing facilities (also refer to Section 4.4.5 for

existing facilities) be evaluated for their adequacy to withstand earthquakes by the following

procedure:

t. Evaluate element forces, F(DL) and F(t-L), throughout the facility for dead and live loads, respectively

( realistic estimate of loads for existing facil@ias).

2 Evaluate element forces, F(EQ), throughout the facility for earthquake loads.

a. Static force method for regular facilities or dynamic force method for irregular facilities as described in

the 1988 UBO provisions,

b. In either case, the total base shear is given by Equation 4-1 where the parameters are evaluated as

follows:

1) Z is the peak ground acceleration from the hazard curves (Table 4-3) at the following exceedance

probabilities:
General Use - 2x10-3
Important or Low Hazard - 1x10'3

7

2) C is the spectral amplification at the tundamental period of the facility from the 5 percent damped

median response spectra for the facility. Note that for fundamental periods lower than the period

at which the maximum spectral acceleration oceurs, ZC should be taken as the maximum spec-

tral acceleration as illustrated in Figure 4-1.

Amplification factors from median spectra may be determined by:
a) sfle-specific geotechnical studies
b) References 1, 25, 26, or27

3) B ZC is less than the 1988 UBC provisions (Reference 10):

a) Earthquake loads should be based on the larger of ZC determined from Items t and 2 above

or from the 1988 UBC provisions unless ZC Is based upon a sfte-spectfic geotechnical study.

b) N ZC is based upon a a8e-specific geotechnical study, any significant differences with UBC

will be justified and resolved. Final earthquake loads are subject to approval by DOE/OSA.

4) Importance factor, i, should be taken as:
General Use - 1 = 1.0
Important or Low Hazard - I= 1.25

5) Reduction factors, Rw, are from Table No. 23-0 of Reference 10 as reproduced in Table 4-2.

3. Com®ine responses from various loadings to evaluate demand, D, by:

D= LF [F(DL) + F(LL) + F(EQ)) or D s 0.9 F(DL):LF F(EQ)
when strength design is used (LF is the load factor which would be 1.4 in the aoe of concrete).

or
D = 0.75 [F(DL) + F(U.) + F(EQ)j

when allowable stress design-is used (the 0.75 factor corresponds to the ona-third increase In allowable

stress permitted for seismic loads).
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4. Evaluate capacities of the elemems of the facility, CAP, from code ultimate values when strength design is
used (e.g., UBC See. 26D8 & 26P5 for reinforesd concrete) or from allowable stress levels when allowable
stress dnign Is used (e.g., UBC Sec. 2702 for stesq. Minimum specified or known in-situ values for mate•
risl stnrttnhs should be used for capacity estimation.

5. Contpan demand, 0, with upacity, CAP, for all structural elements. If D Is less than or equal to CAP, the
facility aatis8es the seismic leterel force requirements. If D is greaterthan CAP, the facility has inadequate
lateral force resistance.

B. Evaluate story drilte (I.e., the displacement of one ievel of the structure relative to the level above or below
due to the design Isterd forces), Ineluding both translation and torsion. Per Reference 10, calculated story
driRs should not exceed 0.041Rw times the story height nor 0.005 times the story height for buildings less
than 85 feet In height. For taller buildings, the calculated story drift should not exceed 0.03/Rw nor 0.004
times the story hsight. Note that thws story drifts we calculated from seismic loads reduced by Rw in
accordance with Equation 4-1. Thess drift tlmits may be exceeded when it is demonstrated that greater
drift can be tolerated by both structural systems and ttonatructural elements.

7. Eiemsnts of the facility should be dtscked to assure that all detailing requirements of the 1988 UBC
provisions we met UBC Seiamic Zone No. 2 provisions should be met when Z is between 0.12 and 024g.
UBC Seismic Zone Nos. 3 & 4 prov(siorq should be followed when Z Is 0.25g or more. Special seismic
provisions In the USC need not be followed If Z Is 0.11g or Iees.

a Peer review of engineering drawings and aalculetions, special inspection and testing of new construction
or existing facilfties, and other quality assurance measures discussed In Section 4.3 should be implem-
anted for Important or Low Hazard facilities.
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Maximum Spectral Acceleration is U:
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A) ZC per Section 4.2.2
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Note: For seismic evaluation of nonstructural components,
equipment, piping, etc. by dynamic analysis, the actual
spectrum should be used. The actual spectrum shouid
also be used as the basis for developing floor spectra.

FIGURE 4-1

EXAMPLE DESIGN/EVALUATION EARTHQUAKE

GROUND MOTION RESPONSE SPECTRUM
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TABLE 4-2
CODE REDUCTION COEFFICIENTS, RW AND
INELASTIC DEMAND CAPACITY RATIOS, FU

.:^

4:"t

;y

Category

Structural System Cu & I MH HH
(terminology is Identical to Ref. 10) or (.H

Rw Fu

MOMENT RESISTING FRAME SYSTEMS
Columns ' 1.5 1.25
Beams

Steel Special Moment Resisting Space Frame (SMRSF) 12 3.0 2.5
Concrete SMRSF 12 2.75 2.25
Concrete Imermediate Moment Frame pMRSF) 7 1.5 1.25
Steel Ordinary Moment Resisting Space Frame 6 1.5 1.25
Concrete Ordinary Moment Resisting Space Frame 5 1.1 1

SHEAR WALLS
Concrete Weils 8 (6) 1.7 (1.4) 1.4 (1.15)
Masonry Wells 8 (6) 1.5 (1.3) 1.25 (1.1)
Plywood Weils 9(8) 20 (17) 1.5 (1.4)
Dual System, Concrete with SMRSF 12 2.5 2.0
Dual System, Concrete with Concrete IMRSF 9 2.0 1.5
Dual System, Masonry with SMRSF 8 1.5 125
Dual System, Masonry with Concrete IMRSF 7 1.4 1:15

STEEL ECCENTRIC BRACED FRAMES (EBF)
Columns • 1.5 1.25
Beams and Diagonal Braces 10 2.75 2.25.
Beams and Diagonal Braces, Dual System with Steel SMRSF 12 3.0 2.5

CONCENTRIC BRACED FRAMES
Steel Beams 8(6) 20 (1.7) 1.5 (1.4)
Steel Diagonal Braces 6(6) 1.7 ( 1.5) 1.4 (1.25)
Steel Columns B (6) 1.7 (1.5) 1.4 (125)
Connections of Steet Members 6(6) 1.4 ( 1.25) 1.15 (1.05)
Concrete Beams 8(4) 1.7 (1.3) 1.4 (1.1)
Concrete Diagonal Braces 8(4) 1.5 ( 1.2) 1.25 (1)
Concrete Columns 8(4 1.5(12) 1.25 (1)
Connections of Concrete Members 8(43 1.25 ( 1.1) 1.05 (1)
Wood Trusses 8(4) 1.7 (1.3) 1.4 (1.1)
Wood Columns 8(4) 1.5 ( 12) 125 (1)
Connections In Wood (other than nalls) 8(4) 1.5 (12) 125 (1)
Beams and Diagonal Braces, Dual Systems

Steel with Steel SMRSF 10 2.5 2.0
Concrete with Concrete SMRSF 9 2.0 1.5
Concrete with Concrete IMSRF 6 1.4 1.15

Note: Values herein assume good seismic detailing practice per Section 4.3 and reasonably uniform inelastic behavior.
Otherwise, lower values should be used. Moment resistingfreme detailing per Reference 10.

Values In parentheses apply to bearing wall systems or eyetems In which bracing carries gravity loads

Rw values for columns are the seme as for beams and braces for momemframes and for eccemric braced frames

Fu for chevron, vee, and K bracing Is 1.15 for Moderate Hezard faeilRies and I for High Hazard facilities. K bracing
isnotpermlttedinbuildingsofmorethanlwostoriesforZof025gormore. Kbracingrequiresapecialconsideration
for any building if Z is 025g or more.

For columns subjected to combined axial compression and bending, interaction formulas from Figures 4-2 and 4-3
of Reference 11 should be used for Moderate and High Hazard facilities.

For Moderate and High Hazard facilities, it Is permissible to use the Fu value which applies to the, overall structural
system for structural elements not mentioned on the above table. For example, to evaluate diaphragm elements,
footings, pile foundations, ete., Fu of 3.0 may be used for a Moderate Hexard steel SMRSF. In the oeae of a Moderate
Hazard steel concentric braced frame, Fu of 1.7 may be used.
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TABLE 4-3
MAXIMUM HORIZONTAL GROUND SURFACE ACCELERATIONS AT DOE SITES

(Reference 1)
HAZARD ANNUAL PROBABILITY

• ' OF E)CCEEDANCE

e?^

DOE SITE Dc103 1x10-3 2c10-4

BENDIX PLANi .08 .10 .17

LOS ALAMOS SCIENTIFIC LABORATORY .18 .22 .38

MOUND LABORATORY .12 .15 .23

PANTEX PLANT .08 .10 .17

ROCKY FLATS PLANTS" .13 .15 .21

SANDIA NATIONAL LABORATORIES, ALBUQUERQUE .17 .22 .38

SANDIA NATIONAL LABORATORIES, LIVERMORE, CA .41 .48 .68

PINELLAS PLANT, FLORIDA .04 .05 .09

ARGONNE NATIONAL LABORATORY-EAST .09 .12 .21

ARGONNE NATIONAL LABORATORY-WEST .12 .14 .21

BROOKHAVEN NATIONAL LABORATORY .12 .15 25

PRINCETON NATIONAL LABORATORY .13 .16 .27

IDAHO NATIONAL ENGINEERING LABORATORY .12 .14 .21

FEED MATERIALS PRODUCTION CENTER .10 .13 .20

OAK RIDGE NATIONAL LABORATORY, X-10, K-25, and Y-12 AS .19 .32

PADUCAH GASEOUS DIFFUSION PLANT .33 .45 •

PORTSMOUTH GASEOUS DIFFUSION PLANT .08 .11 .17

NEVADA TEST SITE .21 .27 .46

HANFORD PROJECT SITE .09 .12 .17

LAWRENCE BERKELEY LABORATORY .55 .64 •

LAWRENCE LIVERMORE NATIONAL LABORATORY (LLNL) .41 .48 .68

LLNL. SITE 300-854 .32 .38 .56

L1NL SITE 300-834 & 836 28 .34 .51

ENERGY TECHNOLOGY AND ENGINEERING CENTER .53 .59 '

STANFORD LINEAR ACCELERATOR CENTER .45 .59 •

SAVANNAH RIVER PLANT OB .11 .19

` Value not available from Reference I and must be determined for High Hazard facilities at these sites.

•• Bedrock slopes at Rocky Flats. This value is surface acceleration at an average soil depth at this site.

Note: Values given in this table are largest peak instrumental ecoeleratione. Maximum vertical acceleration may be assumed
to be 213 of the mean peek horizontal acceleration (see Seotion 4.4.1 for a discussion of earthquake components and
mean peak horizontal ecceleration).
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4.2.3 Evaiuation of.Moderate & High Hazard Facility Seismic Behavior

^

r^.

Moderate and High Hazard facilities should initially be analyzed by the 1988 UBC static

force method (as described in Section 4.2.2) utilizing an Importance factor, I, of 2.0 and peak

ground accelerations, Z, corresponding to hazard exceedance probabilities of 1x10-3 for

Moderate Hazard and 2x10-4 for High Hazard. 1988 UBC provisions with I = 2.0 provide

minimum seismic requirements for Moderate and High Hazard facilities.

In addition, the earthquake evaluation approach for Moderate and High Hazard facilities

should also include elastic dynamic analysis of the facility. Limited inelastic behavior is per-

missible for those facilities with adequate design details such that ductile response is possible

or for those facilities with redundant lateral load paths. Inelastic behavior is accounted for in

the evaluation approach by specifying inelastic demand-capacity ratios, Fu, for elements of

the facility. These ratios are the maximum amount that the elastically computed demand can

exceed the capacity of elements of the facility, and they are related to the amount of inelastic

deformation that is permissible in each category. By permitting less inelastic behavior for more

hazardous categories, the margin of safety for that category is effectively increased. The

approach employed for Moderate and High Hazard facilities is from the Department of Defense

(DOD) Tri-service manual entitledSeismicDesign GuidefinesforEssenfialBuildings (Reference

11). The inelastic demand-capacity ratios from Reference 11 can be shown to be generally

consistent with the performance goals for each category and with the Rw factors from the

_] 988 UBC provisions as discussed in Appendix A.

Elastic dynamic analysis procedures such as those described in Reference 11 can be

used for both new and existing facilities (also refer to Section 4.4.5 for existing facilities). Basic

steps by this approach include the following:

1. Evaluate element forces, F(DL) and F(LL), throughout the facility for dead and live loads (realistic estimate

of loads for existing facilities).

2. Develop median input earthquake response spectra from the Reference 1 hazard curves based upon

afte-speci6c geotechnicel studies. In lieu of a s@e-specific study, it is acceptable to determine the median
response spectral shape from Referenoea 1, 25, 26, or 27. Input spectra should be anchored to peak

ground accelerations (Table 4-3) determined from the hazard curves at the following axceadance probabilF

ties:
Moderate Hazerd - 1z10-3
High Hazard - 2x10-4

Note that for fundamental periods lower than the period at which the maximum spectral amplifleation

occurs, the maximum spectral acceleration should be used (sae Figure 4-1). For higher modes, the actual

spectral accelerations should be used in accordance with reeommendations trom Reference it. iNote that

this requirement necessitates that response spectrum dynamic analysis be performed for building

reaponse evaluation). The actual spectrum may be used for all modes M there is high confidence in the

frequency evaluation and Fu Is taken to be unity. As stated on Figure 4-1, the actual spectrum at all fre-

quencies should be used to evaluate nonstructural components, equipment, piping, etc. by dynamic anay-

sis; and to develop floor response spectra used for the evaluation of etructure-supported subsystems.
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3. Ulllizing the input spectra developed above and a mathematical model of the facility, perform an elastic
dynamic analysis of the facility to evaluate the elastic esrthquake demand, F(Ea). of all elements of the
facility. Damping should be determined from Table 4.4.

4. Evaluate the total demand for all elements of the facility, 0, from:
0 a[F(DL) + F(I.L) + F(EO)] / Fu

where Fu is the allowable Inelastic demand-capacity ratio as given In Table 4-2.

6. Eveluate-capecitiee of the elements of the facility, CAP, from code ultimate or yield values (e.g., USC Sec.
2809 & 2625 for reinforced concrete and 1.7 times UBC Sec. 2702 or USC Sec. 2721 for steel). Note that
strength reduction factors, qt aro retained for Moderate and High Hazard facilities. Minimum specified or
known in-aitu vduas for material strengths should be used for estimation of capacities.

& Compare total demsnd, D, with facility capacity, CAP. If D is less than or equal to CAP, the faciiity satisfies
the seismic lateral force requirements. fl D Is greater than CAP, the facility has inadequate lateral force
resistance.

7. EvakwA story drifts due to latsrsl foras, including both translation and torsion. It may be assumed that
Inelastfc drifts are adequately approximated by elastic analyses. Note that for Moderate and High Hazard
facilities, loads used to compute drifts are not reduced as is the case for Section 4.2.2 guidelines where
loads used to compute story drifts are reducerid by Rtv. Where confinement of hazardous materials is of
importanu, calculated story drifts shoukJ not exceed 0.010. This drift limit may be exceeded when aocept-
abie performance of both the structure and nonstructural elements can be demonstrated at greater drift.

8. Check elements of the facility to assure that good detailing practice has been followed. Values of Fu given
in Table 4-2 are upper limit values assuming good design detailing practice as discussed in Section 4.3
and consistency with recent USC provisions. UBC Seismic Zone No. 2 provlsions should be met when Z is
between 0.12 and 0.24g. UBC Seismic Zone Noe. 3 & 4 provisions should be followed when Z is 0.25g or
more. Special seismic provisions In the USC need not be followed If Z Is 0.11g or Iess.

9. Implement peer review of engineering drawings and calculations, special inspection and testing of new
construction or exiating facii8ies, and other quality assurance measures discussed in Section 4.3 for Mod-
erate and High Hazard facilities.

10. Inelastic anayses may, alternatively, be performed for Moderate and High Hazard facilities. Acceptable
inelastic analysis procedures include:

a. Capacity spectrum method as described in Reference 11.
b. Direct integration time history analyses explicitly modeling inelastic behavior of Individual elements

of the facility. Several representative eanhquake time histories are required for dependable
results from these analyses.

TABLE 4-4

RECOMMENDED DAMPING VALUES'

(References 11 and 25)
...r

Type of Structure

Damping

(% of Critical)

Equipment and Piping 5

Welded Steel and

Prestressed Concrete 7

BoBed Steel and

Reinforced Concrete 10

Masonry Shear Weli® 12

Wood 15

` Corresponding to post yield stress levels to be used for evaluation of Moderate and High Hazard Facilities.
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4.3 EARTHQUAKE DESIGN DETAILS AND QUALITY ASSURANCE

!^.

'"11

This section briefly describes general design considerations which enable structures or

equipment to perform during an earthquake in the manner intended by the designer. These

design considerations attempt to avoid premature, unexpected failures and encourage ductile

behavior during earthquakes. This material is intended for both design of new facilities and

evaluation of existing facilities. For new facifdies,.this niaterial addresses recommended

seismic design practices. For existing facilities, this material may be used for identifying

potential deficiencies in the capability of the facility to withstand earthquakes (i.e., ductile

behavior, redundant load paths, high quality materials and construction, etc.). In addition,

good seismic design practice, as discussed in this section, should be employed for upgrading

or retrofitting existing facilities.

Characteristics of the lateral force-resisting systems are as important or more so than

the earthquake load level used for design or evaluation. These characteristics include

redundancy; ductility; tying elements together to behave as a unit; adequate equipment

anchorage; understanding behaviorof non-uniform; non-symmetrical structures or equipment;

detailing of connections and reinforced concreteelements; and the quality of design, materials,

and construction. The level of earthquake ground shaking to be experienced by any facility

in the future is highly uncertain. As a result, it is important for facilities to be tough enough to

withstand ground motion in excess of their design ground motion level. There can be high

confidence in the earthquake safety of facilities designed in this manner. Earthquakes produce

transient, limited energy loading on facilities. Because of these earthquake characteristics,

well designed and constructed facilities (i.e., those with good earthquake design details and

high quality materials and construction which provide redundancy and energy absorption

capacity) can withstand earthquake motion well in excess of design levels. However, If details

which provide redundancy or energy absorbing capacity are not provided, there is little real

margin of safety built into the facil'dy. R would be possible for significant earthquake damage

to occur at ground shaking levels only marginally above the design lateral force level. Poor

materials or construction could potentially lead to damage at well below the design lateral

force level. Furthermore, poor design details, materials, or construction increase the possibility

that a dramatic failure of a facility may occur.

A separate document providing guidelines, examples, and recommendations for good

seismic design of facilities is currently being planned as part of this overall project. This section

briefly describes general design considerations which are important to achieving well-

designed and constructed earthquake-resistant facilities or to assessing whether existing
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facilities are well-designed and constructed for earthquake effects. Considerations for good

earthquake resistance of structures, equipment, and piping include (1) configuration; (2)

continuous and redundant load paths; (3) detailing for ductile behavior; (4) tying systems

together; (5) influence of non-structural components; (6) survival of emergency systems; and

(7) quality of materials and construction. Each of these considerations is briefly discussed

below. While the following discussion seems to primarily address buildings, the principles

introduced are equally applicable to enhancing the earthquake resistance of equipment,

piping, or other components.

Configuration - Structure configuration is very important to earthquake response. Irregular

structures have experienced greater damage during past earthquakes than uniform, sym-

metrical structures. This has been the case even with good design and construction; therefore

structures with regular configurations should be encouraged for new designs, and existing

irregular structures should be evaluated with greater scrutiny than would otherwise be

employed. Irregularities such as large re-entrant comers create stress concentrations which

produce high local forces. Other plan irregularities, such as those due to the distribution of

mass or vertical seismic resisting elements (or differences in stiffness between portions of a

diaphragm), can result in substantial torsional response during an earthquake. Vertical

irregularities, such as large differences In stiffness or mass in adjacent levels or significant

horizontal offsets at oneor more levels, can produce large local forces during an earthquake.

An example is the soft story building which has a tall open frame on the bottom floor and shear

wall or braced frame construction on upper floors (e.g., Olive View Hospital, San Fernando,

CA earthquake, 1971 and Imperial County Services Building, Imperial Valley, CA earthquake,

^ 1979). In addition, adjacent structures should be separated sufficiently so that they do not

hammer one another during seismic response.

^ Continuous And Redundant Load Paths - Earthquake excitation induces forces at all points

within structures or equipment of significant mass. These forces can be vertical or along any

horizontal (lateral) direction. Structures are most vulnerable to damage from lateral seismic-

induced forces, and prevention of damage requires a continuous load path (or paths) from

regions of significant mass to the foundation or location of support. The designer/evaluator

must follow seismic-induced forces through the structure (or equipment or-piping) into the

ground and make sure that every element and connection along the load path is adequate in

strength and stiffness to maintain the integrity of the system. Redundancy of load paths is a

highly desirable characteristic for earthquake-resistant design. When the primary element or

system yields or fails, the lateral forces can be redistributed to a secondary system to prevent

progressive failure. In a structural system without redundant components, every component
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must remain operative to preserve the integrity ofthe structure. It is good practiceto incorporate

redundancy into the seismic-resisting system and not to rely on any system wherein distress

in any member or element may cause progressive or catastrophic collapse.

Detailing For Ductile Behavior - In general, it is uneconomical or impractical to design

structures to remain within the elastic range of stress for earthquakes which have very low

probability of occurrence. Furthermore, it is highly desirable to design structures or equipment

in a manner which avoids brittle response and premature unexpected failure such that the

structure or equipment is able to dissipate the energy of the earthquake excitation without

unacceptable damage. As a result, good seismic design practice requires selection of an

appropriate structural system with detailing to develop sufficient energy absorption capacity

to limit damage to permissible levels.

Structural steel is an inherently ductile material. Energy absorption capacity may be

achieved by designing connections to avoid tearing or fracture and to ensure an adequate

path for a load to travel across the connection. Because of the possibility of instability by

buckling for relatively slender steel members acting in compression, detailing for adequate

c^ stiffness and restraint of compression braces, outstanding legs of members, compression

flanges, etc., must be provided. Furthermore, deflections must be iimited to prevent overall

^ frame instability due to P-delta effects.

sz.
Brittle materials such as concrete and unit-masonry requiresteei reinforcementto provide

the ductility characteristics necessary to resist seismic forces. Concrete structures should be

designed to prevent concrete compressive failure, concrete shearing failure, or loss of rein- =

forcing bond or anchorage. Compression failures in flexural members can be controlled by

limiting the amount of tensile reinforcement or by providing compression reinforcement and
N

requiring confinement by closely spaced transverse reinforcing of longitudinal reinforcing bars

^ (e.g., spirals, stirrup ties, or hoops and supplementary cross ties). Confinement Increases the

strain capacity and compressive-, shear-, and bond-strengths of concrete. Maximum con-

finement should be provided near joints and in column members. Failures of concrete in shear

or diagonal tension can be controlled by providing sufficient shear reinforcement, such as

stirrups and inclined bars. Anchorage failures can be controlled by sufficient lapping of splices,

mechanical connections, welded connections, etc. There should be added reinforcement

around openings and at comers where stress concentrations.might occur during earthquake

motions. Masonry walls must be adequately reinforced and anchored to floors and roofs.
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A general recommendation for good seismic detailing is to proportion steel members
and to reinforce concrete members such that they can behave in a ductile manner and can
provide suf8cient strength such that brittle or less ductile modes do not govern the overall
seismic response. In this manner, sufficient energy absorption capacity can be achieved so
that earthquake motion does not produce excessive or unacceptable damage.

Tying Systems Together - One of the most important attributes of an earthquake-resistant

structural system is that it is tied together to act as a unit. This attribute not only aids in
earthquake resistance; It also adds to the capability to resist high winds, floods, explosions,
progressive failure, and foundation settlement. Different parts of buildings should be inter-

connected. Beams and girders should be adequately tied to columns, and columns should
be adequately tied to footings. Concrete and masonry walls should be anchored to all floors
and roofs for lateral support. Diaphragms which distribute lateral loads to vertical resisting
elements must be adequately tied to these elements. Collector or drag bars should be provided
to collect shear forces and transmit them to the shear-resisting elements, such as shear walls
or other bracing elements, which may not be uniformly spaced around the diaphragm. Shearn^
walls must be adequately tied to floor and roof slabs and to footings.

Influence Of Non-Structural Components - For both evaluation of seismic response and for
seismic detailing, the effects of nonstructural elements of buildings or equipment must be^
considered. Elements such as partitions, filler walls, stairs, piping systems, and architectural
facings can have a substantial influence on the magnitude and distribution of earthquake-
induced forces. Even though these elements are not part of the lateral force-resisting system,

they can stiffen that system and carry some lateral force. In addition, nonstructural elements
•.,9 attachedtothestructuremustbedesignedinamannerthatallowsfortheseismicdeformations

of the structure without excessive damage. Damage to such items as piping, equipment,

glass, plaster, veneer, and partitions may constitute a major financial loss or a hazard to
personnel within or outside the facility; such damage may also impair the function of the facility

to the extent that hazardous operations cannot be shut down or confined. To minimize this

type of damage, special care in detailing is required either to isolate these elements or to

accommodate structural movements.

In some structures, the system carrying earthquake-induced loads may be separate from

the system which carries gravity loads. Although such systems are not needed for lateral

resistance, they would deform with the rest of the structure as it deforms under lateral seismic

loads. The vertical load carrying system should be evaluated for compatibility with the
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deformations resulting from an earthquake to ensure that it is adequately designed. Similarly,

gravity loads should be combined with earthquake loads in the evaluation of the lateral force

resisting system.

Survival of Emergency Systems - In addition to preventing damage to structures, equipment,

piping, nonstructural elements, etc., it is usually necessary for emergency systems and lifelines

to survive the earthquake. Means of ingress and egress, such as stairways, elevator systems,

and doorways, must remain functional for personnel safety and for control of hazardous

operations. Fire protection systems must remain operational after an earthquake. Normal

off-site power has been vulnerable during past earthquakes. Either normal off-site or emer-

gency on-site water and power supplies must be available following an earthquake. Uquid

fuels or other flammables may leak from broken lines. Electrical short circuits may occur.

Hence, earthquake-resistant design considerations extend beyond the dynamic response of

structures and equipment to include survival of systems which prevent facility damage or

'}' destruction due to fires or explosions which might result from an earthquake."

n
Quality of Materials and Construction - Earthquake design or evaluation considerations

discussed thus far address recommended engineering practice that maximizes earthquake

resistance of facilities. For important or hazardous facilities, it is further recommended that u

` designers or earthquake consultants employ quality assurance procedures and that their work

ax, be subjected to independent peer review. Additional earthquake design or evaluation con-

-,siderations include:

a. Is the facility constructed of high quality materials that meet design specifications
for strength and stiffness? -"

b. Have the design detailing measures, as described above, been implemented in
^ the construction of the facility?

The remainder of this section discusses earthquake engineering quality assurance, peer

review, and construction inspection requirements.

To achieve well-designed and constructed earthquake-resistant facilities or to assess

whether existing facilities are well-designed and constructed for earthquake effects, it is

necessary to:

a. Understand the seismic response of the facility.

b. Select and provide an appropriate structural system.

c. Provide seismic design detailing that"obtains ductile response and avoids prema-
ture failures due to instability or brittle response

d. Provide materials' testing and construction inspection.
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it is recommended that Important or Low Hazard, Moderate Hazard, and High Hazard

facilities be designed or evaluated utilizing an earthquake engineering quality assurance plan

similar to that recommended by Recommended Lateral Foioe Requirements and Tentative

Commentary, Seismology Committee, Structural Engineers Association of California (Refer-

ence 28). The earthquake engineering quality assurance plan should include:

1. A statement by the engineer of record on the earthquake design basis including:
(1) description of the lateral force resisting system, and (2) definition of the earth-
quake loading used for the design or evaluation. For new designs, this state-
ment should be on the design drawings; for evaluations of existing facilities, it
should be at the beginning of the seismic evaluation calculations.

2. Seismic design or evaluation calculations should be checked for numerical accu-
racy and for theory and assumptions. The calculations should be signed by the
responsible engineer who performed the calculations as well as the engineer who
checked numerical accuracy and the engineer who checked theory and assump-
tions. If the calculations include work performed on a computer, the responsible

r engineer should sign the first page of the output, the model used should be
described, and those values input or calculated by the computer should be iden-

s ^ tified.

C3 3. For new construction, the engineer of record should specify a material testing
and construction inspection program. In addition, the engineer should review all

° testing and inspection reports and periodically make site visits to observe com-
pliance with plans and specifications. For certain circumstances, such as the
placement of rebar and concrete for special ductile frame construction, the

ds ; engineer of record should arrange to provide a specially qualified inspector to
continuously inspect the construction and to certify compliance with the design.

4. For important or hazardous facilities, all aspects of the seismic design or evalu-
ation must include independent peer review. For new construction, the designer
will have been selected based on his capabilities to design a very complex facility

-° with many problems in addition to'seismic design. Furthermore, the designer will
likely be under pressure to produce work on accelerated schedules and for low
fees. As a result, the designer may not be able to devote as much attention to
seismic design as he might like. Also, because of the low fee criteria, the most
qualified designer may not be selected. Therefore, it is required to have the seis-
mic design reviewed by a qualified, independent consultant or group. For exis-
ting facilities, the engineer conducting a seismic evaluation will likely be qualified
and will be able to devote his full attention to evaluating the seismic adequacy of
the facility. In this case, an independent review is not as important as it is for a
new design. Even so, for major hazardous facilities, it may be prudent to have
concurrent independent seismic evaluations performed or to have the seismic
evaluation independently reviewed. The seismic design or evaluation review
should include design philosophy, structural system, construction materials, crite-
ria used, and other factors pertinent to the seismic capacity of the facility. The
review need not provide a detailed check but rather an overview to help identify
oversights, errors, conceptual deficiencies, and other potential problems which
might affect the facility performance during an earthquake.
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4.4 OTHER SEtSMIC DESIGN AND EVALUATION CONSIDERATIONS

^

.f1fM

4.4.1 Effective Peak Ground Motion

Loads induced by earthquake ground shaking to be used for the design or evaluation

of facilities, in accordance with the guidelines presented herein, are based on median

amplification response spectra anchored to maximum ground acceferationforspecified annual

probabilities of exceedance (see Section 4.2 and Appendix A). As a result, seismic hazard

curves wherein peak ground accelerations are presented as a function of annual probability

of exceedance and median amplification response spectra are required for each DOE facility.

This ground motion data can be obtained from site-specific studies. Aiternativeiy, Reference

1 provides seismic hazard curves and earthquake response spectra for each DOE facility. In

addition, Sections 4.2.2 and 4.2.3 allow the methods described in References 25, 26, and 27

to be used to estimate median spectral amplification. For convenience, this section discusses

ground motion as defined by Reference 1. Maximum ground accelerations at the specified

annual probabilities of exceedance recommended by these guidelines for each facility-use

category are reproduced in Table 4-3. For some facility sites with high seismic hazard, note

that the Reference 1 hazard curves do not provide acceleration values at hazard exceedance

probability levels of 2x10-4. For the design or evaluation of High Hazard facilities at these

sites, maximum ground accelerations will have to be developed at 2x10-4 annual probability

of exceedance.
c^

The peak ground acceierations reported in Reference 1 correspond to the maximum

acceleration that would be recorded during an earthquake by a three-axis strong motion

instrument on a small foundation pad at the free ground surface. This value is called the peak

iristrumentaiacceleration. Forthefoliowingreasons,thelargestpeakinstrumentaiacceleration

and response spectra anchored to such an acceleration often provide an excessively con-

^ servative estimate of the ground motion actually input to a stiff, massive structure and/or the

damage potential of the earthquake.

a. Peak value of other components is less than the largest peak acceleration as
given in Reference 1.

b. Effective peak acceleration based on repeatable acceleration levels with fre-
quency content corresponding to that of structures is a better measure of earth-
quake damage potential.

c. Soil-structure interaction reduces input motion from instrumentai, free ground
surface values.

These reasons are extensively discussed in Reference 29 and are briefly addressed below.
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First, In most seismic evaluations, it is assumed that the defined ground motion repre-

sents both orthogonal horizontal components and that the vertical ground motion component

is taken as two-thirds of the average horizontal component. This approach is consistent with

the defined ground motion representing the mean peak (average of two horizontal compo-

nents) instrumental acceleration, rather than the largest peak acceleration as defined by

Reference 1. With the largest peak acceleration defined by Reference 1, it is permissible to

assume that the second orthogonal horizontal component is 80 percent of the motion defined

by Reference 1, while the vertical component is 60 percent of the Reference 1 motion. Note

thatthis assumption is equivalentto the mean peak acceleration being 90 percent ofthe largest

peak value and the vertical component being two-thirds ofthe mean peak value in accordance

with common practice.

Second, the instrumental acceleration is a poor measure of the damage potential of

ground motion associated with earthquakes at short epicentral ranges (less than about 20

km). Many structures located close to the epicentral region, which were subjected to high

^ values of peak instrumental acceleration, have sustained much less damage than would be

^ expected considering the acceleration level. In these cases, the differences in measured

ground motion, design levels, and observed behavior were so great that it could not be rec-

onciled by considering typical safety factors associated with seismic design. The problem

with instrumental acceleration is that a limited number of high frequency spikes of high

acceleration are not significant to structural response. Instead, it can be more appropriate to

utilize a lower acceleration value which has more repeatable peaks and is within the frequency

range of structures. Such a value, called effective peak acceleration, has been evaluated by

- many investigators and is believed to be a good measure of earthquake ground motion

amplitude related to performance of structures. Reference 29 contains a suggested approach

for defining the effective peak acceleration. However, this approach would require the^
development of representative ground motion time histories appropriate for the earthquake

magnitudes and epicentral distances which are expected to dominate the seismic hazard at

the site. Reference 1 does not contain this information, so special studies would be required

for any site to take advantage of the resultant reduction. The reductions which are likely to

be' justifiable from such studies would most probably be significant for sites with peak

instrumental accelerations defined by Reference 1 in excess of about 0.4g. The benefits would

be expected to increase with increasing peak instrumental accelerations. These higher ground

accelerations most probably are associated with short duration ground motion from earth-
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quakes with short epicentral ranges. If such characteristics can be demonstrated for a par-

ticular site, then reductions from an instrumental acceferationto an effective acceleration would

be warranted.

Third, various aspects of soil-structure interaction (SSI) result in reduced motion of the

foundation basemat of a structure from that recorded by an instrument on a small pad. Such

reductions are conclusively shown in Reference 29 and the references cited therein. These

reductions are due to vertical spatial variation of the ground motion, horizontal spatial variation

of the ground motion (basemat averaging effects), wave scattering effects, and radiation of

energy back into the ground from the structure (radiation damping). These effects always

result in a reduction of the foundation motion. This reduction tends to increase with increasing

mass, increasing stiffness, increasing foundation plan dimensions, and increasing embedment

depth. Soil-structure interaction also results in a frequency shift, primarily of the fundamental

frequency of the structure. Such a frequency shift can either reduce or increase the response

of the structure foundation. These SSI effects are more dramatic with the shorter duration,

close epicentral range ground motions discussed in the previous paragraph. It should be

emphasized that the ground motion defined by Reference 1 represents the ground motion

' recorded on a small instrument pad at the free ground surface. it is always permissible to do

the necessary soil-structure interaction studies (briefly discussed in Section 4.4.2) in order to

estimate more realistic and nearly always lesser foundation motions. It is also permissible,

but discouraged, to ignore these beneficial SSI effects and assume the Reference 1 ground

motion applies at the foundation level of the structure. However, any frequency shifting due

to SSI, when significant, must always be considered.

In summary, it is acceptable, but often quite conservative, to use the ground motion and

response spectra defined by Reference 1 as direct input to the dynamic model of the structure

as if this motion was applicable at the structure base foundation level. It is also acceptable,

and encouraged, for the seismic evaluation to include additional studies to remove sources

of excessive conservatism on an individual facility basis, following the guidance described

above.

4.4.2 Soil-Structure Interaction (SSI)

When massive stiff structures are founded on or embedded in a soii foundation media,

both the frequency and amplitude of the response due to seismic excitation can be affected

by soil-structure interaction (SSI), inciuding spatial variation of the ground motion. For rock

sites, the effects of the SSI are much less pronounced. It is recommended that the effects of

SSI be considered for major structures for all sites with a median soil stiffness atthe foundation
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basesfabinterfacecorrespondingtoashearwavevelocity,vs,of3500fpsorlower. Accounting

for SSI requires sophisticated seismic analysis techniques which, if performed correctly, will

." ' most likely reduce the seismic forces in the structure. Accounting for SSI is recommended

but not required. If SSI effects are considered, the seismic analysis should be reviewed by
qualified experts.

The seismic hazard is defined by Reference 1 for the free ground surface. Input into the
foundation is then most accurately determined by soil column site analysis. However, the free
ground surface motion can be applied to the foundation provided the conservatism thus
introduced is acceptable.

Horizontal spatial variations in ground motion result from non-vertically propagating

shear waves and from incoherence of the input motion (i.e., refractions and reflections as

earthquakewavespassthroughtheunderlyingheterogeneousgeoiogicmedia). Thefollowing

reduction factors may be conservatively used to account for the statistical incoherence of the

input wave for a 150-foot plan dimension of the structure foundation (Reference 29):

CO Fundamental Frequency of the Soil-Structure S

nr^

5 I 1.0

10

25 . 1 0.8

For structures with different plan dimensions, a linear reduction proportional to the plan
dimension should be used: for example, 0.95 at 10 Hz for a 75-foot dimension and 0.8 at 10

Hz for a 300-foot dimension (based on 1.0 reduction factor at 0-foot plan dimension). These

-- reductions are acceptable for rock sites as well as soil sites. The above reduction factors
assume a rigid base slab. Unless a severely atypical condition is identified, a rigid base slab

condition may be assumed to exist for all structures for purposes of computing this reduction.

The available information for soil properties at different sites tends to be quite variable

concerning the level of detail. Further uncertainty is usually introduced in the development of

soil parameters appropriate for SSi analysis. For instance, the degree of soil softening at the

dynamic strain levels expected during the defined seismic event, the amount of soil hysteretic

material damping, and the impedance mismatches which may exist due to layering are usually

not known precisely. it is not the intent to require additional soil boring or laboratory investi-

gations unless absolutely necessary. Rather, a relatively wide range of soil shear moduli (which

are usually used to define the foundation stiffn,ess) is recommended such that a conservative

structure response may be expected to be calculated. The well known effect that the shear

Reduction Factor
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modulus of soils decreases with increasing shear strain must be accounted for when per-

forming an SSI analysis. The variation in shear modulus as a function of shear strain for sands,

gravelly soils, and saturated clays can be found in References 30 and 31.

To account for uncertainty in the soil properties, the soil stiffness (horizontal, vertical,

rocking, and torsional) employed in analysis should include a range of soil shear moduli

bounded by (a) 50 percent of the modulus corresponding to the best estimate at the seismic

strain level, and (b) 90 percent of the modulus corresponding to the best estimate the low

strain, unless better estimates of the uncertainty are available. Three soil modulus conditions

are generally recommended corresponding to (a) and (b) above, and (c), a best estimate

shear modulus.

Soil impedances (stiffness and damping) can be accounted for using either Finite Ele-

ment Methods (FEM), elastic half-space solutions, or more refined analytical techniques which

r address layering, various foundation shapes, and foundation elevations. Elastic haff-space

solutions using frequency-dependent impedance functions, such as those shown in Table

4-5, are acceptable for facilities on uniform soil sites or sites where the soil properties do not

create significant impedance mismatches between layers. In addition to geometric (radiation)

° damping developed using either elastic half-space or FEM methods, soil material damping

t!> should be included in an SSI analysis. Soil material damping as a function of shear strain can

be found in References 30 and 31 for sands, gravelly soils, and saturated clays. Lacking

site-specific data, it is appropriate to include soil material damping corresponding to the mean

value at the earthquake shaking induced strain level from one of the above references.

_ For structures which are significantly embedded, the embedment effects should also be

included in the SSI analysis. These effects can be incorporated using available simplified

methods (References 32 and 33) for some geometries. The potential for reduced lateral soil.,.
support of the structure should be considered when accounting for embedment effects.

Section 3.3.1.9 of Reference 34 provides guidance on this subject. Similarly, some layer effects

can also be incorporated using simplified methods (Reference 35). For more complex situ-

ations, more refined analysis, such as discussed by various authors in Reference 36, is

desirable.
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TABLE 4-5
FREQUENCY DEPENDENT ELASTIC HALF-SPACE IMPEDANCE

Direction of Equivalent Spring Constant for Equivalent Spring Constant for Equivalent Damping Coefficient
Motion Rectangular Footing Circular Footing

Horizontal k,- k,2(l+ v)Gp,^- _ 32(1-v)GR
k k, c,-c,k,(static)R p/G'

7-8v

Rocking G sk^-ki_p^B L
8GR3

kr^ks
c,-c,k,(stattc)R p/Gt v

3(1-v)

Vertical G
k.-kalvp•^ k, -

k^4GR
t-

c,^cak:(rtattc)R p/G
v

Torsion ib ake^k.3GR c, - c,k,(stalic)R p/G

v Poisson's ratio of foundation medium,

Ci = rhear modulus of foundation medium,

R radius of the circular baee met,

p density of foundation medium,

®= width of the beae mat in the plsns of horizontal excitation,

L= length of the baae mat perpendicular to the plens of horizontal excitation,

k, , ki, k„k„ = frequency dependent coefficients modifying the static stiffness or damping (Refa. 32, 34, 35, etc.).
c„cz.ca,c,

3

N 2
L

0

0

#z

oi Y

L

_____---

X

1.5

1.0

I !^/

0.5

0
0.1 0.2 0.40.6 1.0 2 4 6 8 10

B/L

Constants 13 ^ 5, and (3„for a Rectangular Foundation
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4.4.3 Combination of Earthquake Components

Actual earthquake records demonstrate that horizontal and vertical components of

motion are essentially statistically independent. Consequently, there is only a small probability

thatthe peak responses, due to each of the three individuai earthquake components, will occur

at the same time. Methods of combining responses from different earthquake components

in a reasonable manner are described in this section.

For General Use and Important or Low Hazard facilities, the effects of concurrent

earthquake ground motion in orthogonal horizontal directions should be considered forthose

cases required by the 1988 UBC provisions. This requirement is satisfied by designing ele-

ments for 100 percent of the prescribed seismic forces in one horizontal direction plus 30

percent of the prescribed forces in the perpendicular horizontal direction. The combination

requiring the greater component strength should be used for design/evaluation. Alternatively,

the effects of the two orthogonal directions may be combined on a square root of the sum of

the squares (SRSS) basis. When the SRSS method of combining directional effects is used,
r^..

each term computed is assigned the sign that produces the most conservative result. By UBC

provisions, the contribution due to the vertical component is not combined with response from

other components. There is a UBC requirement to design horizontal cantilever components

for a net upward force. `

For Moderate and High Hazard facilities, earthquake responses in a given direction from

" the three earthquake components should be combined directly, using the assumption that,

when the maximum response from one component occurs, the responses from the other two

components are 40 percent of the maximum. In this method, all possible combinations of the

three orthogonal components, including variations in sign, should be considered. Alternatively,

the effects of the three orthogonal directions may be combined by SRSS, as discussed above.

In Section 4.4.1, itwas established thatthe peakvalue of other components of earthquake

ground motion is less than the largest peak acceleration as given in Reference 1. As a result,

with the largest peak acceleration defined by Reference 1, it may be assumed that the second

orthogonal horizontal component is 80 percent of the motion defined by Reference 1, while

the vertical component is 60 percent of the Reference 1 motion. Therefore, when the largest

peak acceleration as defined in Reference 1 is used to evaluate earthquake response in a

given horizontal direction, response due to the other horizontal direction of motion should be

taken as 40 percent of 80 percent ofthe response computed from the largest peak acceleration.

Response due to the vertical component should be taken as 40 percent of 60 percent of the
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response computed from the largest peak acceleration. Note that this approach is approxi-

mately equivalenttotheUBCprovisionsofdesigningelementsfor100percentoftheprescribed

seismic forces in one horizontal direction plus 30 percent of the prescribed forces in the

perpendicular horizontal direction.

4.4.4 Special Considerations for Equipment and Piping

For DOE facilities that house hazardous operations and materials, the seismic adequacy

of equipment and piping is as important as the adequacy of the building. As part of the DOE
Natural Phenomena Hazards project, a document has been prepared which provides practical

guidelines for the support and anchorage of many equipment items that are likely to be found

in DOE facilities (Reference 5). This document primarily addresses equipment strengthening

and upgrading to increase the seismic capacity in existing facilities. However, the document

is also recommended for considerations of equipment support and anchorage in newfacilities.

Special considerations about the seismic resistant capacity of equipment and piping
include:

1. Equipment or piping supported within a structure respond to the motion of the
structure rather than the ground motion. Equipment supported on the ground or
on the ground floor within a structure experiences the same earthquake ground
motion as the structure.

2. Equipment or piping suppoited at two or more locations within a structure are
stressed due to both inertial effects and relative support displacements.

3. Equipment or piping may have either negligible interaction or significant coupling
with the response of the supporting structure. With negligible interaction, only the

_ mass distribution of the equipment should be included in the model of the struc-
ture. The equipment may be analyzed independently. With strong coupling or if
the equipment mass is 10 percent or more of the structure story mass, the
equipment should be modeled along with the structure model.

4. Many equipment items are inherently rugged and can survive large ground
motion if they are adequately anchored.

5. Many equipment items are common to many industrial facilities throughout the
world. As a result, there is a great deal of experience data on equipment from
past earthquakes and from qualification testing. Equipment which has performed
well based on experience would not require seismic analysis or testing (if it could
be shown to be adequately anchored).

6. The presence of properly engineered anchorage is the most important single item
which affects the seismic performance of equipment. There are numerous exam-
ples of equipment sliding or overturning in earthquakes due to lack of anchorage
or inadequate anchorage.
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For General Use and Important or Low Hazard facilities, the design or evaluation of

equipment or nonstructural elements supported within a structure should be based on the

total lateral seismic force, Fp, as given by the 1988 UBC provisions (Reference 10). For

Moderate or High Hazard facilities, the design or evaluation of these items should be based

on dynamic analysis, testing, or past earthquake experience data. In any case, equipment

Items and nonstructural elements must be adequately anchored to their supports. Anchorage

must be verified for adequate strength and sufficient stiffness. In the remainder of this section,

the UBC lateral force provisions are reproduced, important aspects of dynamic analyses are

introduced, the use of past earthquake experience data is addressed, and guidance on

equipment anchorage is provided.

UBC lateral force provisions - By the 1988 UBC provisions, parts of structures, permanent

non-structural components, and equipment supported by a structure and their anchorages

and required bracing must be designed to resist seismic forces. Such elements should be

designed to resist a total lateral seismic force, Fp, of:

Fp = ZICpWp (4-2)

_ where: Wp = the weight of element or component

Cp = a horizontal force factor as given by Table 23-P of the UBC for rigid ele-
ments, or determined from the dynamic properties of the element and sup-

ra, porting structure for non-rigid elements, as discussed in Section 4.4.4 (In the
absence of detailed analysis, the value of^p for a hon-rigid element should
be taken as twice the value listed in Table 23-P, but need not exceed 2.0).

•^,
The lateral force determined using Equation 4-2 should be distributed in proportion to

the mass distribution of the element or component. Forces determined from Equation 4-2

should be used for the design or evaluation of elements or components and their connections

^ and anchorage to the structure, and for members and connections which transfer the forces

to the seismic-resisting systems. Forces should be applied in the horizontal directions which

result in the most critical loadings for design(evaluation.

Dynamic analysis principles - Guidelines for the design and analysis of equipment or non-

structural elements supported within a structure by dynamic analysis are given in Chapter 6

of Reference 11 and in Reference 34. Elements attached to the floors, walls, or ceilings of a

building (e.g., mechanical equipment, ornamentation, piping, and nonstructural partitions)

respond to the motion of the building in much the same manner that the building responds to

the earthquake ground motion. However, the building motion may vary substantially from the

ground motion. The high frequency components of the ground motion are not amplified by

..;,.
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the building while the components of ground motion that correspond to the natural periods

of vibrations of the buiiding•tend to be magnified. if the elements are rigid and rigidly attached

to the structure, accelerations of the elements will be the same as the accelerations of the

structure at the attachment points. But elements that are flexible and have periods of vibration

close 'to any of the predominant modes of the building vibration will experience amplified

accelerations over that which occurs in the structure.

The most common method of representing support excitation is by means of floor
response spectra (also commonly called in-structure response spectra). A floor response

spectrum is a response spectrum evaluated from the seismic response at support locations

determined from a dynamic analysis ofthe structure. Floor response spectra can be computed

most directly from a dynamic analysis of the structure conducted on a time-step by time-step

basis. In addition, there are algorithms available that allow the generation of floor response

spectra directly from the ground motion response spectrum and modal properties of the

structure without time history analysis (e.g., References 37, 38, and 39). A simple method for

evaluating floor spectra is provided in Chapter 6 of Reference 11 and is recommended herein.

Note that floor response spectra should generally be developed assuming elastic behavior of

^ the supporting structure even though inelastic behavior is permitted in the design of the

structure. Conservatively underestimating the capacity of the structure as well as using

minimum specified material strengths leads to conservative design of the structure but

potentially unconservative floor response spectra. Greater floor spectra would result from

elastic analysis based on realistic strength of the structure.
^^.

Equipment or piping which is supported at multiple locations throughout the structure

could have different floor spectra for each support point. In such a case, it is acceptable to

use a single envelope spectrum of all locations as the input to all supports. Alternatively, there

are analytical techniques available for using different spectra at each support locatiori or for

using different'input time histories at each different support.

Past earthquake experience data - Since many equipment items within DOE facilities will

likely require seismic qualification, seismic experience data and data from past qualification

program experience should be utilized, if possible. Seismic experience data is being developed

in usable format by ongoing research programs sponsored by the nuclear power industry

(References 40, 41, 42, and 43). It is necessary to conduct either seismic analyses or shake

table testing to demonstrate sufficient seismic capacity for those items which cannot be

eliminated from consideration through the use of seismic experience data or for items which
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are not obviously invulnerable to earthquakes due to inherent ruggedness. It is also necessary

to estimate the input excitation at locations of support for seismic qualification by experience

data, analysis or testing of structure-supported equipment or piping.

Anchorage - Engineered anchorage of equipment or components is required for all facility-use

categories. It is intended that anchorage have both adequate strength and sufficient stiffness.

Types of anchorage include: (1) cast-in-place bolts or headed studs; (2) expansion anchor

bolts; and (3) welds to embedded steel plates or channels.

Adequate strength of equipment anchorage requires consideration of tension, shear,

and tension-shear interaction load conditions. it is recommended that the strength of cast-

in-place anchor bolts be based on UBC Sec.. 2624 provisions (Reference 10) for General Use

and Important or Low Hazard facilities and on ACI 349-85 provisions (Reference 44) for

Moderate and High Hazard facilities. The strength of expansion anchor bolts should generally

be based on design allowable strength values available from standard manufacturers' rec-

ommendations or sources such as Reference 43. Design allowable strength values typically

include a factor of safety of about 4 on the mean capacity of the anchorage. it is permissible

r' " to utilize strength values based on a lower factor of safety for evaluation of anchorage in

existing facilities, provided the detailed inspection and evaluation of anchors is performed in

accordance with Reference 43. Currently, a factor of safety on the order of 3 is judged to be

appropriate for this situation. When anchorage is modified or new anchorage is designed, it
^::•,• .

is recommended that design allowable strength values including the factor of safety of 4 be

used. For strength considerations of welded anchorage, it is recommended that AISC, Part

1(Reference 45) allowable values multiplied by 1.7 be used.

., Stiffness of equipment anchorage as discussed in Reference 41 should also be con-

Flexibility of base anchorage can be caused by the bending of anchorage compo-sidered.
r

nents or equipment sheet metal. Excessive eccentricities in the load path between the

equipment item and the anchor is a major cause of base anchorage flexibility. Equipment

base flexibility can allow excessive equipment movement, reducing its natural frequency and

possibly increasing its dynamic response. In addition, flexibility can lead to high stresses in

anchorage components and failure of the anchorage or equipment sheet metal.

Summary - For General Use and Important or Low Hazard facilities, seismic evaluation of

equipment or nonstructural elements supported by a structure can be based on the total lateral

seismic force as given by Equation 4-2. For Moderate and High Hazard facilities, the seismic

evaluation of equipment and piping necessitates the development of floor response spectra

. ;:
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representing the input excitation. Once seismic loading is established, seismic capacity can

be determined by analysis, testing, or the use of seismic experience data. It is recommended

that wherever possible, seismic qualification be accomplished through the use of experience

data because such an approach is likely to be far less costly and time consuming.

4.4.5 Special Considerations for Evaluation of Existing Facilities

it is anticipated that these guidelines would also be applied to evaluations of existing

facilities. General guidelines for the seismic evaluation of existing facilities are presented in a

DOD manual (Reference 46). In addition, guidelines for upgrading and strengthening

equipment are presented in Reference 5. These documents should be referred to for the

overall procedure of evaluating seismic adequacy of existing facilities, as well as for specific

guidelines on upgrading and retrofitting. General requirements and considerations in the

evaluation of existing facilities are briefly.presented below.
^>

Existing facilities should be evaluated for earthquake ground motion in accordance with

the guidelines presented earlier in this chapter. The process of evaluation of existing facilities

differs from the design of new facilities in that the as-built condition of the existing facility must

^ be assessed. This assessment includes reviewing drawings and making site visits to determine

deviations from the drawings. In-place strength of the materials should also be determined.

^.. The actual strength of materials is likely to be greater than the minimum specified values used

for design, and this may be determined from tests of core specimens or sample coupons. On

the other hand, corrosive action and other aging processes may have had deteriorating effects.o{
on the strength of the structure or equipment, and these effects should also be evaluated in

some manner. The inelastic action of facilities prior to occurrence of unacceptable damage

°*t should be taken into account since the inelastic range of response is where facilities can

dissipate a major portion of the input earthquake energy. The ductility available in the existing

facility without loss of desired performance should be estimated based on as-built design

detailing rather than using the inelastic demand-capacity ratios presented in Table 4-2. An

existing facility may not have seismic detailing to the desired level discussed in Section 4.3

and upon which the values presented in Table 4-2 are based.

Evaluation of existing facilities should begin with a preliminary inspection of site condi-

tions, the building lateral force-resisting system and anchorage of building contents,

mechanical and electrical systems, and nonstructural features. This inspection should include

review of drawings and facility waikdowns. Site investigation should assess the potential for

earthquake hazards in addition to ground shaking, such as active faults which might pass
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beneath facilities or potential for earthquake-induced landslides, liquefaction, and consoli-

dation of foundation soils. Examination of the lateral force-resisting system, concentrating on

seismic considerations as discussed in Section 4.3, may point out obvious deficiencies or

weakest links such that evaluation effort can be concentrated in the most useful areas and

remedial work can be accomplished in the most timely manner. Inspection of connections for

both structures and equipment indicates locations where earthquake resistance can be readily

upgraded.

Once the as-bui(t condition of a facility has been verified and deficiencies or weak links

have been identified, detailed seismic evaluation and/or upgrading of the facility can be

undertaken. Obvious deficiencies that can be readily improved should be remedied as soon

as possible. Seismic evaluation for existing facilities would be similar to evaluationsperformed

for new designs except that a single as-buitt configuration is evaluated instead of several

configurations in an iterative manner as is required in the design process. Evaluations should

be conducted in order of priority. Highest priority should be given to those areas identified

-^ as weak links by the preliminary investigation and to areas that are most important to personnel

, safety and operations with hazardous materials.

As discussed in Chapter 2, the evaluation of existing facilities for natural phenomena

;": hazards can result in a number of options based on the evaluation results. If the existing facility

r„ can be shown to meet the design and evaluation guidelines as presented in Section 42 and

good seismic design practice had been employed per Section 4.3, then the facilfty would be

judged to be adequate for potential seismic hazards to which It might be subjected. If the

" ficility does not meet the seismic evaluation guidelines of this chapter, several atternatives

- can be considered:

,•,,
1, If an existing facility is close to meeting the guidelines, a slight increase In the

annual risk to natural phenomena hazards can be allowed due to the difficulty in
upgrading an existing facility compared to incorporating increased seismic
resistance in a new design and due to the fact that existing facilities may have a
shorter remaining life than a new facility. As a result, some relief in the guidelines
can be allowed by either of the following approximately equivalent approaches:

a. permitting calculated seismic demand to exceed the seismic capacity by no
more than 20 percent, or

b. performing the evaluation using hazard exceedance probability of twice the
value recommended in Section 4.2 for each facility-use category.

2. The facility may be strengthened such that Its seismic resistance capacity is suffi-
ciently increased to meet the guidelines. When upgrading is required, It should
be accomplished in compliance with unreduced guidelines (i.e., Item I provisions
should not be used for upgrading).
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3. The usage of the faciiity may be changed such that it falls within a less hazardous
facility-use category and consequently,less stringent seismic requirements.

4. It may be possible to conduct the aspects of the seismic evaluation in a more
rigorous manner that removes conservatism such that the facility may be shown
to be adequate. Alternatively, a probabilistic assessment of the facility might be
undertaken in order to demonstrate that the performance goals for the facility can
be met.

^^r
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5 DESIGN AND EVALUATION CRITERIA FOR WIND LOAD

5.1 INTRODUCTION

This chapter presents a uniform approach to wind load determination that is applicable

to the design of new facilities and the evaluation of existing ones. As discussed in Section

3.2, a uniform treatment of wind loads is recommended to accommodate extreme, hurricane,

and tornado winds. Buildings or facilities are first assigned to appropriate facility-use cate-

gories as defined in Chapter 2. Criteria are recommended such that the performance goals

for each category can be achieved. Procedures according to ANSI A58.1-1982 (Reference

16) are recommended for determining wind loads produced by straight, hurricane, and tornado

winds. The extreme wind/tornado hazard models for DOE sites published in Reference 2 are

used to establish site-specific criteria for each of the 25 DOE sites included in this study.

The performance goals established for General Use and Important or Low Hazard

`r facility-use categories are met by conventional building codes or standards (see discussion

in Chapter 2). These criteria do not account for the possibility of tornado winds, because wind

speeds associated with extreme winds typically are greater than those for tornadoes at

exceedance probabilities greater than approximately 1 x10-4. For this reason, tornado design

criteria are specified only for buildings and facilities in Moderate and High Hazard categories,

' where hazard exceedance probabilities are less than 1 x10-4.

The traditional approach to establishing tornado design criteria is to select extremely low

exceedance probabilities. For example, the exceedance probability for design of commercial

nuclear power plants is 1x10-7. There are reasons for departing from this traditional approach.

-° The low exceedance value for commercial nuclear power plants was established circa 1960

when very little was known about tornadoes from an engineering perspective. Much has been

learned about tornadoes since that time. Use of a low hazard probability is inconsistent with

the practice relating to other natural hazards, such as earthquakes. There are many uncer-

tainties in tornado hazard probability assessment, but they are not significantly greater than

the uncertainties in earthquake probability assessment (see discussion in Appendix A). The

strongest argument against using low probability criteria is that a relatively short period of

record (37 years) must be extrapolated to extremely small exceedance probabilities. For these

reasons, an alternative approach is proposed in these guidelines.

The rationale for establishing tornado criteria is described below. Figure 5-1 shows the

tornado and straight wind hazard curves for two DOE sites (SLAC and ORNL). The wind

speed at the intersection of the tornado and straight wind curves is defined for purposes of
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this discussion as the transition wind speed. An exceedance probability is associated with

each transition wind speed. If the exceedance probability of the transition wind'speed is less

than 10'5 per year, tornadoes are not a viable threat to the site, because straight winds are

more likely. Thus, from Figure 5-1, tornadoes should not be considered at SLAC.
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Table 5-1 tabulates best estimate wind speeds from Reference 2 for each DOE site, along
with the transition wind speed. Those sites with transition wind speed exceedance probabilities
greater than 10-5 should be designed for tornadoes; others should be designed for extreme
winds or hurricanes.

TABLE 5-1
TYPES OF WIND FOR DESIGN LOADS

S"°`

tB°.

^qr

rv.

Beet-Estimate Wind Speeds- mphl

DOE PROJECT SITES
Annual Hazard

Excesdance ProbabiAty
Transition
Wind Speed2

Type of Wind for
Design

10`3 10'4 10'5 10-6

Bendix Piant, MO 88 110 177 233 100 Tornado

Los Alamos Netional
Scientific Leboratory, NM

93 107 122 136 140 Extreme

Mound Laboratory, OH 90 108 171 227 104 Tornado
Pantex PIam,TX 98 112 168 220 115 Tornado
Rocky Flats Plant, CO 138 161 183 208 -3 Both

Sandia National Laboratories,
Albuquerque, NM

93 107 122 135 139 Extreme

Sandia National Laboratories, Livermore, CA 96 113 131 150 - Extreme
Pinellas Plant, FL 130 150 174 204 181 Hurticane

Argonne National Laboratory-East, IL 72 118 176 228 77 Tornado
Argonne National Laboratory-West, ID 83 95 105 118 119 Extreme

Brookhaven National Laboratory, NY 86 100 127 179 106 Tornado
Princeton Plasma Physics Laboratory, NJ 80 83 135 182 90 Tornado
Idaho National Engineering Laboratory, ID 84 95 105 115 117 Extreme
Feed Materials Production Center, OH 87 108 173 231 96 Tornado

Oak Ridge National Laboratory, X-10, K-25, and Y-12,
TN

80 90 152 210 101 Tornado

Paducah Gaseous Diffusion Plant, KY 75 115 180 235 80 Tornado

Portsmouth Gaseous DifPuaion Plant. OH 83 95 145 205 98 Tornado

Nevada Test Site, NV 87 100 110 124 131 Extreme

Hanford Project Site, WA 68 77 85 112 89 Extreme
Lawrence Berkeley Laboratory, CA 95 111 130 148 - Extreme

Lawrence Livermore National Laboratory, CA 96 113 131 150 - Extreme

Lawrence Livermore National Laboratory Site300,CA 104 125 145 164 - Extreme
Energy Technology and Engineering Center, CA 59 68 98 141 74 Tornado

Stanford Linear Accelerator Center, CA 95 112 130 149 158 Extreme
Savannah River Plant, SC 109 138 172 228 155 Tomado

NOTES:

1. Best-eatimate wind speeds come from Reference 2.

2. Transition wind speed Is at the intersection of the extreme wind hazard and the tomado hazard curves.

3. When transition wind speed is not listed, it is associated with a probability IQsa than 10'6.
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The tornado wind speed is obtained by selecting the wind speed associated with an

exceedance probability of 2x10-5 per year. The value of 2x10-5 is the largest one that can be

used and still represent a point on the tornado hazard curve. For example, the tornado wind

speed for the ORNL site is 130 mph (peak gust at 10m).

A comparison of the slopes of the tornado hazard curves for the DOE sites in Reference

2 reveals that the slopes are essentially the same even though the transition wind speeds are

different. The criteria required to meet the performance goals of Moderate and High Hazard

facilities can be met by using multipliers that are equivalent to an importance factor in the ANSI

A58.1-1982 design procedure. The multipliers are specified in lieu of two different exceedance

probabilities for Moderate and High Hazard facilities. The value of the importance factor is

selected to achieve lower probability of tornado damage for High Hazard facilities compared

to Moderate Hazard facilities. While the exceedance probabilities specified for tornadoes

presented herein still do not match values used for earthquakes, the differences have been

reduced as much as possible. The importance factors are then chosen to meet the per-

formance goals stated in Chapter 2.

In general, design criteria for each facility-use category include:

1. Annual hazard exceedance probability.

2. Importance factor. ^

3. Missile parameters for Moderate and High Hazard facilities.

4. Tornado parameters for Moderate and High Hazard facilities, If applicable.

The criteria are formulated in such a way that a uniform approach for determining design wind

loads as specified in ANSI A58.1-1982 (Reference 16) can be used for extreme, hurricane, and

tornado winds.

In order to apply the ANSI A58.1-1982 procedure, wind speeds must be fastest-mile.

The tornado wind speeds given in Reference 2 are gust speeds and must be converted to

equivalent fastest-mile wind speeds. Table 5-2 gives conversions of tornado wind speeds to

fastest-mile wind speeds. Appropriate gust response factors and velocity pressure exposure

coefficients are utilized in the process of determining wind loads. Appropriate exposure

categories also are considered in the wind load calculations. Open terrain should be assumed

for tornado winds, regardless of the actual terrain conditions.
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, TABLE 5-2
RELATIONSHIP BETWEEN TORNADO WIND SPEEDS AND

FASTEST-MILE WIND SPEEDS

tart

fa

Tornado Wind
SPeed, mph (Vt)

Fastest-Mlle Wind
Speed, mph (Vf,,)

100 85

110 94

120 103

130 113

140 123

150 132

160 142

170 151

180 161

190 170

200 180

210 190

220 200

230 209

240 218

2`O 231

250- 241

270 2,^pr

280 260

290 271

300 280

V{m = 0.958 Vt -11.34

^W For an overview of extreme wind and tornado hazards, Reference 53 should be con-

?IN suited. Reference 54 provides guidance on the design of structures to wind and tornado
loads. These references supplement the material presented in this chapter.

5.2 CRITERIA FOR DESIGN OF FACILITIES

The criteria presented herein are consistent with the performance goals described in
Chapter 2 for each facility-use category. Buildings or facilities in each category have a different
role and represent different levels of hazard to people and the environment. In addition, the
degree of wind hazard varies geographically. Facilities in the same facility-use category, but
at different geographical locations, will have different criteria specified to achieve the same
performance goal.
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The minimum wind design criteria for each of the four facility-use categories are sum-

marized in Table 5-3. The recommended basic wind speeds for extreme wind, hurricanes,

and tornadoes are contained in Table 5-4. All wind speeds are fastest-mile. Minimum

recommended basic wind speeds are noted in the table. The use of importance factors in

evaluating effective velocity pressure is summarized in Table 5-5. Performance goals and their

implications are discussed for each of the categories.

TABLE 5-3
SUMMARY OF MINIMUM WIND DESIGN CRITERIA

Buildin0 Category General Use Importem or Moderate Hazard High Hazard
Low Hazard

Annual Probability 900-2 2)(10'2 1x10a 1x10'4
of lErceedence

w
Importance 1.0 1.07 1.0 1.0

n Factor*
d

Missile Criteria 2)r4 timber plank 151b @ 50 2r4 timber plank 15 lb @ 50
mph (horiz.); max. height 30 mph (horiz.); max. height 50
It. It

Annual Hazard
Probability 200'5 900'5

of Excaedance

Importance Fector` I = 1.0 I= 1.35

APC 40 pef @ 20 psf/sec 125 psf @ 5D psf/sec

t ac4tlmberplank151b@100 2x4timberplank151b@150
o mph (horiz.); max. height mph (horiz.), may. height
r 150 fr; 70 mph (vert.) 200 ft; 100 mph (vart.)
n
a Missile Criteria 3 in. dla. atd. steel pipe, 75 3 in. die. etd, steel pipe, 75
d Ib @ 50 mph (horiz.); max. Ib @ 75 mph (horiz); max.
o height 75 It, 35 mph (vert.) height 100 It, 50 mph (vert.)

3,000 Ib automobile @ 25
mph, rolls and tumbles

^ See Table 5-5 for discussion of importance factors
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TABLE 5-4
RECOMMENDED BASIC WIND.SPEEDS FOR DOE SITES

r^>

^.: .

....

..^

Faatest-Mlle Wind Speeds at 10m Height

Building Category
Generai
Uee

Important
or Low
Hazard

Moderate Hazard High Hazard

Wind Wlnd Wind Tamado Wind Tomado
DOE PROJECT SITES 2x10'2 2x10'2 1x10'3 2x10'5 1x10'4 2x10'5

Bendbc Plant MO 72 72 - 144 - 144
Los Alamos National Scientific
Laboratory, NM

77 77 93 - 107 -

Mound Laboratory, OH 73 73 - 136 _ 136
Pentex Plannt, TX 78 78 - 132 - 132
Rocky Flats Plant, CO 109 109 138 138 161 161
Sandia National Laboratories,
Albuquerque, NM

78 78 93 - 107 -

Sandia National Laboratories,
Livermore, CA

72 72 96 - 113 -

Pinellas PIanL FL 99 93 130 - 1FA -
Argonne National Laboratory-East, IL 70(1) 70(1) - 142 - 142
Argonne National Laboratory-West, ID 70(1) 70(1) 83 - 95 -
Brookhaven National Laboratory, NY 70(1) 70(1) - 95(2) - 95(2)
Pdnceton Plasma Physics Laboratory, NJ 70(1) 70(1) - 103 - 103
Idaho National Engineering Laboratory 700) 70(11 84 - 95 --
Feed Materials Production Canter, OH 70(1) 70(1) - 138 - 139
OakRidgeNaUonalLaboratory,X-10,K45,and
Y-12, TN

70(1) 70(1) - 113 - 113

Paducah Gaseous Diffusion Plant, KY 700) 700) - 144 - 144
Portsmouth Gaseous Diffusion Pient OH 70(1) 70(1) - 110 - 110
Nevada Test Site, NV 72 72 87 - 100 -
Hanford Project Site, WA 70(1) 70(1) 80(1) - 90(1) -
Lawrence Berkeley Laboratory. CA 72 72 95 - 111 -
Lawrence Livermore National
Laboratory, CA

72 72 96 - 113 -

Lawrence Livermore National
Laboratory, Site 300, CA

80 80 104 - 125 -

Energy Technology and Engineering
Center, CA

70(1) 70(1) - 95(2) - 95(2)

Stanford Linear Accelerazor Cemer, CA 72 72 95 - 112 -
Savannnah River Plant. SC 78 78 - 137 - 137

NOTES:

1. Minimum extreme wind speed.

2. Minimum tomado speed.
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TABLE 5-5
IMPORTANCE FACTORS AND EFFECTIVE VELOCITY PRESSURES

Facility-Use Category Fxdrame
Winds

At Hurticane Oceanli- Tornadoes
nes

General Use 1.00 1.05 -
Important or Low Hazard 1.07 in -
Moderate H®zard 1.00 1.05 1.00
High Hazard 1.00 1.11 1.35

' For regions between the hurricane oceanline and 100 miles Inland, the Importance factor I shall be determined.by
linear interpolation.

In ANSI A58.1-1982 (Reference 16), effective velocity pressure, qz, at any height z above ground is given by:

qz = 0.00256Kz(M2

where Kz is a velocity pressure coefficient evaluated at
height z (as a function of terrain exposure category
per Table 6 of Reference 16)

I is importance factor given In Table 5-3 and above
V is the basic wind speed given in Table 5-4

r' 5.2.1 General Use Facilities

^ The performance goals for General Use facilities are consistent with objectives of ANSI

A58.1-1982 Building Class I, Ordinary Structures. The wind-force resisting structural system

eir, should not collapse under design load. Survival without collapse impliesthat occupants should

be able to find an area of relative safety inside the building. Breach of the building envelope

is acceptable, since confinement is not essential. Flow of air through the building and water

damage are acceptable. Severe damage, including total loss, is acceptable, so long as the

structure does not collapse.

The ANSI A58.1-1982 calls for the basic wind speed to be based on an exceedance

probability of 0.02 per year. The importance factor for this class of building is 1.0. For those

sites within 100 miles of the Gulf of Mexico or Atlantic coastlines, a slightly higher importance

factor is recommended to account for hurricanes (see Table 5-5).

Distinctions are made in the ANSI Specification between buildings and other structures,

between main wind-force resisting systems, components, and cladding. In the case of

components and cladding, a further distinction is made between buildings less than or equal

to 60 ft and those greater than 60. ft in height.
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Terrain surrounding the facilities should be classified as Exposure B, C, or D, as
appropriate. Gust response factors and velocity pressure exposure factors should be used
according to rules of the ANSI A58.1-1982 procedures.

Wind pressures are calculated on the walls and roo.fs of enclosed buildings by appro-
priate pressure coefficients specified in the ANSI A58.1-1982 standard. Distinctions are made
between overall pressures on walls and roofs of enclosed buildings and local pressures at
wall comers, eaves, ridges, and roof comers. Local pressures are used for anchorage and
cladding design and should not be combined with overall pressures. Openings, either of
necessity or created by wind forces or missiles, result in internal pressures that can increase
wind forces on components and cladding. The worst cases of combined internal and external
pressures should be considered as required by the ANSI standard.

Structures in the Geheral Use category may be designed by either allowable stress
design (ASD) or strength design (SO) as appropriate for the material used in construction.
Load combinations that produce the most unfavorable effect should be determined. When
using ASD methods, the following load combinations should be considered (Reference 16):

^ (a) DL (alone)

(b) DL + LL

(c) DL + W

(d) 0.75(DL + W + LL)

where

DL = dead load

" LL = live load

T W = wind or tornado load

The reduction of combinations (c) and (d) by 0.75 represents, in effect, a 33% increase in the
allowable stress. The provision recognizes that the probability of experiencing the load
combinations simultaneously is significantly less than one.

When using SD methods for concrete, the following load factors are recommended in
Reference 55:

(a) U = 1.4DL + 1.7LL

(b) U = 0.75(1.4DL + 1.7LL + 1.7W)

(c) U = 0.900L + 1.3W
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The SD method requires that the strength provided be greater than or equal to the strength

required to carry the factored loads. Appropriate strength reduction factors shall be applied

to the nominal strength calculated in accordance with Reference 55. _

Strength design (SD) for steel construction, based on Part 2 of the AISC specification

(Reference 45) calls for the following factored load combinations:

U = 1.7(DL + LL)

U = 1.3(DL + LL + W)

Application of strength reduction factors in the AISC procedure is not required in Reference

45.

5.2.2 Important or Low Hazard Facilities

;r Important or Low Hazard facilities are equivalentto essential facilities (Class II), as defined

in ANSI A58.1-1982. The structure's main wind-force resisting structural systems shall not

collapse at design wind speeds. Complete integrity of the building envelope is not required

becausenosigniflcantquantitiesoftoxicorradioactivematerialsarepresent. However,breach

" ofthebuildingenvelopemaynotbeacceptableifwindorwaterinterterewiththefacil'dyfunction.

Sw' If water damage to sensitive equipment, collapsed interior partitions, or excessive damage to

HVAC ducts and equipment leads to loss of facility function, then loss of cladding and missile

perforation at the design wind speeds must be prevented.

An annual wind speed exceedance probability of 0.02 is specified, but the Importance

^ factor for Important or Low Hazard category structures is 1.07. For those sites located within

100 miles of the Gulf of Mexico or Atlantic coastlines, a slightly higher importance factor (as

listed in Table 5-5) is used to account for hurricane winds.
rr.

Once the design wind speeds are established and the importance factors applied, the

determination of wind loads on Important or Low Hazard category structures is identical to

that described for General Use category structures. Facilities in this category may be designed

by ASD or SD methods, as appropriate, for the construction material. The load combinations

described for General Use structures are the same for Important or Low Hazard structures.

Greater attention should be paid to connections and anchorages for main members and

components, such that the integrity of the structure is maintained.
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5.2.3 Moderate Hazard Facilities

The performance goal for Moderate Hazard facilities requires more rigorous criteria than

is provided by standards or model building codes. In some geographic regions, tornadoes

must be considered.

Extreme Winds and Hurricanes

Forthose siteswhere tornadoes are not a viablethreat (see Table 5-1), the recommended

basic wind speed is based on an annual exceedance probability of 1x10-3. The importance

factor is 1.0. For those sites located within 100 miles of the Gulf of Mexico or Atlantic coastlines,

a slightly higher importance factor is specified to account for hurricanes (see Table 5-5).

A minimum missile criteria is specified to account for objects or debris that could be

picked up by extreme winds, hurricane winds, or weak tornadoes. A 2x4-in. timber plank

sr' weighing 15 lbs. is the specified missile. Its impact speed is 50 mph at a maximum height of

^ 30 ft above ground level. The missile will break glass; it will perforate sheet metal siding, wood

siding up to 3/4 in. thick, or form board. The missile could pass through a window or a weak

exterior wall and cause personal injury or damage to interior contents of a building. The

specified missile will not perforate unreinforced concrete masonry or brick veneer walls or

other more substantial walls.

Once the basic wind speeds are established and the importance factors applied,

determination of Moderate Hazard category wind loads is identical to that described for the

General Use category. Facilities in this category may be designed by ASD or SD methods,

as appropriate, for the material being used in construction. The load combinations described

for General Use structures are the same for the Moderate Hazard category. Greater attention

should be paid to connections and anchorages for main members and components, such

that the integrity of the structure is maintained.

Tornadoes

For those sites requiring design for tornadoes (see Table 5-1), the criteria is based on

site-specific studies as published in Reference 2. The basic wind speed is associated with an

annual hazard probability of exceedance of 2c10-5. The wind speed obtained from the tornado

hazard model is converted to fastest-mile. The importance factor for the Moderate Hazard

category is 1.0.

5-11



With the wind speed converted to fastest-mile wind and an importance factor of 1.0, the

equations in Table 4 of the ANSI standard should be used to obtain design wind pressures

on the structure. Exposure Category C should be used with tornado winds. The velocity

pressure factor is obtained, as is the gust response factor, from appropriate tables in the ANSI

standard. Pressure coefficients for external, internal, and local pressures are used to obtain

tornado wind pressures on various parts of the structure. A distinction is made between the

main wind-force resisting system and components and cladding.

In addition to the tornado wind loads, atmospheric pressure change (APC) loads may

need to be considered if the building is sealed forthe purpose of confining hazardous materials.

The maximum APC shall be 40 psf with the rate of pressure change at 20 psf/sec. The following

loadings are appropriate for sealed buildings:

1. APC alone

2. One-half maximum APC pressure plus maximum wind pressure.

r^
APC alone could occur on the roof of a buried tank or sand filter If the roof is exposed at

ground level. APC pressure is only half its maximum value at the radius of maximum wind

- speed in a tornado. The effect of rate of pressure change on ventilation systems should be

^ analyzed to assure that it does not interrupt function or processes carried out in the facility.

,y Procedures and computer codes are available for such analyses.

Two missiles are specified as minimum criteria for this facility-use category. The 2x4-in.

^A . timber plank weighing 15 lbs. is assumed to travel in a horizontal direction at a speed up to

_ 100 mph. The horizontal speed is effective up to a height of 150 ft above ground level. if

can•ied to a great height by the tornado winds, the timber plank could achieve a terminal vertical

speed of 70 mph•in falling to the ground. The horizontal and vertical speeds are assumed

uncoupled and should not be combined. The missile will perforate most conventional wall

and roof cladding except reinforced masonry or concrete. The cells of concrete masonrywalls

must be filled with grout to prevent perforation by the timber missile. The second missile is a

3-in.-diameter standard steel pipe, which weighs 75 lbs. it can achieve a horizontal impact

speed of 50 mph and a vertical speed of 35 mph. its horizontal speed could be effective to

heights of 75 It above ground level. The missile will perforate conventional metal siding,

sandwich panels, wood and metal decking on roofs, and gypsum panels. In addition, it will

perforate unreinforced concrete masonry and brick veneer walls, reinforced concrete masonry

walls less than 8 in. thick, and reinforced concrete walls less than 6 in. thick.
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5.2.4 High Hazard Facilities

The performance goal can be achieved for this category if the main wind-force resisting

members do not collapse, structural components do not fail, and the building envelope is not

breached at the design wind loads. Loss of cladding, broken windows, collapsed doors, or

significant missile perforations shall be prevented. Air flow through the building or water

damage cannot be tolerated.

Extreme Winds and Hurricanes

For those sites which do not require specific design for tornado resistance, the rec-

ommended basic wind speed is based on an annual hazard exceedance probability of 1 x10-4.

The importance factor is 1.0 as shown In Table 5-5. The wind speed is fastest-mile at an

anemometer height of 10 meters above ground level.

q.,, The missile criteria is the same as for the Moderate Hazard category, except that the

maximum height achieved by the missile is 50 ft instead of 30 ft.

ro"^ ° Tornadoes

For those sites requiring design for tornado resistance (see Table 5-1), the criteria is

based on site-specific studies as published in Reference 2. The recommended basic wind

speed is associated with an annual hazard probability of exceedance of 2x10-5 (same as the

Moderate Hazard category). The wind speed obtained from the tornado hazard model is

converted to fastest-mile. The importance factor for the High Hazard category is 1.35.

With the wind speed expressed as fastest-mile and an importance factor of 1.35, the

`^t equations in Table 4 of ANSI A58.1-1982 should be used to obtain design wind pressures on

rj% the structure. Exposure Category C should always be used with tornado winds. The velocity

pressure exposure factor is obtained, as is the gust response factor, from appropriate tables

in the ANSI standard. Pressure coefficients for external, local, and internal pressures are used

to obtain tornado wind pressures on various parts of the structure. A distinction is made

between main wind-force resisting system and components and cladding in determining wind

pressures.

In addition to the tornado wind loads, APC loads may need to be considered. If the

building is sealed to confine hazardous materials, the maximum APC pressure shall be 125
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psf with a rate of 50 psf/sec. The wind and APC load combinations specified for the Moderate

Hazard facifity-use category also are applicable for this category. The effects of rate of pressure

change on ventilating systems should be analyzed.

Three missiles are specified as minimum criteria for this facility-use category. The 2x4-in.

timber plank weighs 15 lbs. and is assumed to travel in a horizontal direction at speeds up to

150 mph. The horizontal missile is effective to a maximum height of 200 ft above ground level.

if carried to a great height by the tornado winds, it could achieve a terminal speed in the vertical

direFtion of 100 mph. The horizontal and vertical speeds are uncoupled and should not be

combined. The missile will perforate most conventional wall and roof cladding except rein-

forced masonry and concrete. Each cell of the concrete masonry shall contain a 1/2-in.-

diameter rebar and be grouted to prevent perforation by the missile. The second missile is a

3-in.-diameter standard steel pipe, which weighs 75 lbs. it can achieve a horizontal impact

speed of 75 mph and a vertical speed of 50 mph. The horizontal speed could be effective at

heights up to 100 ft above ground level. This missile will perforate unreinforced concrete

, masonry and brick veneer walls, reinforced concrete masonry walls less than 12 in. thick, and

reinforced concrete walls less than 8 in. thick. The third missile is a 3000-Ib automobile that

is assumed to roll and tumble on the ground and achieve an impact speed of 25 mph. Impact

of an automobile can cause excessive structural response to columns, walls, and frames.

Impact analyses should be performed to determine specific effects. Collapse of columns,

cr, walls, or frames may lead to further progressive collapse.

5.2.5 Recommended Design Wind Speeds for Specific DOE Sites
r,wa

The criteria specified in Table 5-3 for the four facility-use categories should be applied

' to the site-specific extreme wind/tornado hazard models for each of the 25 DOE sites included

In this study. Table 5-4 summarizes the recommended design wind speeds. Appropriate

^y. importance factors to be used with the wind speeds are listed in Table 5-5. The wind speeds

are fastest-mile. Minimum wind speed values for a particular facility-use category have been

imposed. The wind speeds listed in Table 5-4 should be treated as basic design wind speeds

in the ANSI A58.1-1982 procedures for determining wind pressures on buildings and other

structures.

The following sites require design for extreme winds:

Argonne National Laboratory-West, ID

Hanford Project Site, WA

Idaho National Engineering Laboratory, ID
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Lawrence Berkeley Laboratory, CA

Lawrence Livermore National Laboratory, CA

Lawrence Livermore National Laboratory Site 300, CA

Los Alamos National Scientific Laboratory, NM

Nevada Test Site, NV

Pineltas Plant, FL

Sandia National Laboratories, Albuquerque, NM

Sandia National Laboratories, Livermore, CA

Stanford Linear Accelerator Center, CA

The Rocky Flats Plant site presents a unique situation. The presence of downslope winds

dominate the extreme wind distribution, suggesting that the design criteria should be based

on extreme wind criteria. However, tornadoes are possible and have occurred near the site.

Hence, both extreme winds and tornadoes should be considered in arriving at a final design

^ criteria for this site. A specific hazard assessment was performed for the Pineiias Plant, FL,

whose wind design is governed by hurricane (see Table 5-1). The importance factor for this

site should not be increased above the value for straight winds.

The sites for which tornadoes are the viable wind hazard include:

Argonne National Laboratory - East, IL

Bendix Plant, MO
Brookhaven National Laboratory, NY

Energy Technology and Engineering Center, CA

-- Feed Metals Production Center, OH

Mound Laboratory, OH

0%
Oak Ridge National Laboratory, TN

Paducah Gaseous Diffusion Plant, KY

Pantex Plant, TX

Portsmouth Gaseous Diffusion Plant, OH

Princeton Plasma Physics Laboratory, NJ

Savannah River Plant, SC

Brookhaven National Laboratory, Long Island, NY, and Princeton Plasma Physics Laboratory,

NJ, are located in hurricane-prone zones. See Table 5-5 for values of importance factor for

hurricane winds. For Moderate and High Hazard categories, the minimum tornado wind speed

criteria apply because they are a worse case than the hurricane criteria.
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5.3 CRITERIA FOR EVALUATION OF EXISTING FACILITIES

The performance goals for design presented in the previous section may be used to

evaluate existing facilities. The objective of the evaluation process is to determine if an existing

facility meets the performance goals for a particular facility-use category.

The key to the evaluation of existing facilities is to identrfy the potential faiiure points in

a structure. The critical failure mechanism could be failure of the wind-load resisting structural

subsystem, or it could be a breach of the building envelope which allows release of toxic

materials to the environment or results in wind or water damage to the building contents. The

structural subsystem of many old facilities (25 to 40 years old) have considerable reserve

strength because of conservatism used in the design approach. However, the facility could

still fail to meet performance goals If breach of building envelope is not acceptable.

The weakest link in a structural system usually determines the adequacy or inadequacy

' oftheperformanceofastructureunderwindioad. Thus, evaluation of existing facilities normally

e° should focus on the strengths of connections and anchorages in both the wind-force resisting

subsystems and in the components and cladding.

Experience from windstorm damage investigations provides the best guidelines for

anticipating the potential performance of various structural systems under wind load condi-

n tions. Reference 56 provides insights into the performance of various structural systems. A

general approach to evaluating existing facilities is presented herein. The steps include:

1. Data Collection.

2. Analysis of system failure.

A^ 3. Postulation of failure mechanisms and their consequences.

4. Comparison of postulated performance with performance goals.
rn

5.3.1 Data Collection

An as-built description of the building or facility is needed to make the evaluation for the

wind hazard. If not available from construction plans and specifications, then site visits are

required. Verification that the facility was built according to plans also is a necessary part of

a site visit. Modifications subsequent to preparation of the drawings should be verified.
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Material properties are required for the structural analyses. Accurate determination of

,.,.;.. material properties may be the most challenging part of evaluationof existing facilities. Median

values of material properties should be obtained. This will allow an estimate of the degree of

conservatism in the analysis if other than the median values are used.

5.3.2 Analysis of Components

In the design of new facilities, several wind-force resisting systems concepts may be

considered. Only the one built needs to be considered in evaluating existing facilities.

After determining the as-buift condition and the material properties, the wind-resistant

subsystem(s) are modeled and analyzed. The type of model employed depends on the

material, the loads, and the connections. Modeling of the structural system should include

load path identification, stiffness calculations, and support restraint determination. Once the

system is modeled, all appropriate loads and load combinations (including dead, live, and

wind loads) should be considered in the analyses.

41^

Most of the time it is not feasible to model the three-dimensional load-resisting system.

In that case, the system is decomposed into subsystems or individual elements. Wind loads

- appropriate to the facility-use category are imposed on these structural components and their

.r, ability to sustain the loads are evaluated.

'el' Breach of the building envelope may not be tolerable for some facility-use categories.

The building envelope is breached by cladding failure or by tornado missile impact.

-hp

Cladding failure can occur in the walls or the roof. Wall cladding, as used in the general

sense, includes all types of attached material as well as in-fill walls, masonry walls, or precast

walls. The strength of anchorages and fasteners should be checked, as well as the strength

o. of the materials. Roof cladding includes material fastened to the roof support system (purlins

or joists) such as metal deck, gypsum planks, or timber decking, as well as poured slabs of

gypsum or concrete (normal or light weight). Local wind pressures and appropriate Internal

pressures should be used to evaluate cladding performance.

The tornado missiles in the performance criteria are selected to require certain types of

cladding to stop them, based on experimental tests. If existing facilities have exterior walls

that are not capable of stopping the missile, then the consequences of the missile perforating

exterior walls should be evaluated.
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5.3.3 Postulation of Failure Mechanism

After analyzing the structural load-resisting systems under loads appropriate to the

facility-use category, it is possible to identify potential failure mechanisms. The failure

mechanism can range from subsystem collapse to the failure of an individual element such

as a column, beam,. or particular connection. The consequences of the postulated failure are

evaluated in light of the stated performance goals for the designated facitity-use category.

The failure of cladding or individual elements or subsystems can lead to a change in the

loading condition or a change in the support restraints of various components of the load-

resisting system. A breach in the envelope of a sealed building results in a change in the

internal wind pressure of a building. The change in pressure, which can be an increase or a

decrease, adds vectorially to external and local pressures, which may lead to additional

componentfaiiures. The uplift of a building roof leaves the tops of walls unsupported, therefore

with a reduced capacity to resist wind loads.
A.:

r-- 5.3.4 Comparison of Postulated Performance with Performance Goals

rs. Oncethe postulated failure mechanisms are identified, the structural system performance

is compared with the stated performance goals for the specified facitity-use category. The

general procedures described in Chapter 2 (Figure 2-1) are followed. If the wind toad-resisting

system is able to resist the design loads without violating performance goals, then the facility

meets the criteria. If the guideline criteria are not met, then the assumption and methods of

analysis can be modified to eliminate unnecessary conservatism introduced in the evaluation

rel methods. The hazard probability levels can be raised slightly'rf the facility is close to meeting

- the criteria (it is acceptable to increase the hazard probability level by a factor of 2, as is done

for the earthquake evaluation described in Chapter 4). Otherwise, various means of retrofit

can be employed. Several options are listed below, although the list is not meant to be

exhaustive.

1. Add x-bracing or shear walls to obtain additional lateral load-resisting capacity.

2. Modify connections in steel, timber, or precast concrete construction to permit them to
transfer moment, thus increasing lateral load resistance in structural frames.

3. Brace a relatively weak structure against a more substantial one.

4. Install tension ties in walls that run from roof to foundation to improve roof anchorage.

5. Provide x-bracing in the plane of a roof to improve diaphragm stiffness and thus
achieve a better distribution of lateral load to rigid frames, braced frames, or shear

walls.
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To prevent breach of building envelope or to reduce the consequences of missile per-
foration, the following general suggestions are presented:

1. Install additional fasteners to improve cladding anchorage.

2. Provide interior barriers around sensitive equipment or rooms containing hazardous
materials.

3. Eliminate windows or cover them with missile-proof grills.

4. Place missile-proof barriers in front of doors or windows.

5. Replace ordinary overhead doors with heavy-duty ones that will resist design wind
loads and provide missile impact resistance. The tracks must be capable of resisting
the postulated loads.

Each building will likely have special situations that need attention. Consultants who

evaluate existing facilities should have experience and knowledge of the behavior of buildings

and other structures when subjected to wind loads.
^^.

ts,
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6 FLOOD DESIGN AND EVALUATION GUIDELINES

6.1 FLOOD DESIGN OVERVIEW

The flood design and evaluation guidelines seek to ensure that DOE facilities satisfy the
performance goals described in Chapter 2. The guidelines are applicable to new and existing
construction; however, in the evaluation of existing facilities, fewer design options may be
available to satisfy the performance goals. Table 6-1 shows guidelines recommended for each
facility category in terms of the hazard input, hazard annual probability, design requirements,
and emergency operation plan requirements.

TABLE 6-1
FLOOD GUIDELINES SUMMARY

`3"

fS'%

qw

!^a

Facility Use Category
Flood Design General Use Important or Moderate Hazard High Hazard

Step Low Hazard

Flood Hazard Flood Insurance studies Flood Insurance studies She probabilistic hez- Site probabilistic haz-
Input or equivalent Input and or equivalent input and ard analysis and Table ard analysis and Table

Table 6-2 combinations Table 6-2 combinations 6-2 6-2
combinations combinations

Hazard Annual 2x10'3 Sx10-4 1x10-4 1x10$
Probability

Structural UBC or applicable crite. UBC or applicable criRe- Flood hazard Flood hazard
Evaluation ria for roof and site drain- da for roof and site drain- analysis, strength analysis, strength
(Roofs, etc.) age, building load age, building load design design

factors, and design factors, and design
criteria criteda

Warning and Required to evacuate on- Required to evacuate on. Required if buildings Required if buildings
Emergency site personnel it site is site personnel and to are below DBFL are below DBFL
Procedures below DBFL secure vulnerable areas'rf

site is below DSFL level

Evaluation of the flood design for a facility consists of:

1. defining the DBFL,

2. evaluating site conditions (e.g., facility location, location of openings and door-
ways), and

3. assessing flood design strategies (e.g., build above DBFL levels, harden the
site).

Each of these areas is briefly described in the following subsections.

6.1.1 DESIGN BASIS FLOOD (DBFL)

Use of the term DBFL should be understood to mean that multiple flood hazards may

be included in the design. For example, a site located along a river may have to consider the

potential for river flooding as well as the possible hazards associated with rainfall that could
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cause onsite fiooding (e.g., roofs, streets). Factors contributing to potential riverflooding such

as spring snowmelt or upstream dam faiiure must be considered. . The DBFL for each flood

type (e.g., river flooding, rainfall, snow) is defined in terms of:

1. peak flood level (e.g., flow rate, volume, elevation, depth of water) corresponding
to the mean hazard annual probability of exceedance,

2. combinations of events (e.g., storm surge, wave action); and

3. evaluation of flood loads (e.g., hydrostatic and/or hydrodynamic forces, debris
loads).

The first two items are determined as part of the site hazard assessment. Flood loads must

be assessed on a facility-by-facility basis.

Table 6-2 defines the design basis events that must be considered. For each hazard,

the worst combination of events defines the DBFL These events apply for all facility categories,

subject to the constraint that the probability of exceedance is equal to or greater than the.^,
design basis. For example, if the design basis flood probability for General Use facilities is

2x10-3 per year, failure of an upstream dam need not be considered if the frequency of failure

^ is less than 2x10-3. For purposes of design, the event combinations in Table 6-2 are assumed

to be perfectly correlated. In other words, the combinations of events listed are assumed to

occur with certainty if the conditions stated are met.

r,r

ir

. TABLE 6-2
DESIGN BASIS FLOOD EVENTS

Primary Hazard Event

River Flooding 1. Tide Effects (if applicable)

2. Wind wave activity and Event 1. (above).

3. Colnoiderrt upstream dam failure, If for the design basic flood, ( 1) the reservoir
elevation is greater than or equal to an elevation which is 8p9L of available free-board;
or (2) apillway is structurally unable to pass the design basis flood; and Events 1. and
2. above.

4. lee forces and Event 1. above.

Dam Failure All modes must be considered (e.g., aeismically indueed, random structural failures,
upstream)

Local Precipitation Roof drains clogging, and storm sewera blocked

Tsunami Tide effects.

Storm Surge (due to, e.g., hurri- Tide effects and wind wave activity ( if not included in the hazard analyais).
cane, seiche)

Levee or Dike Failure Consider failure for events k+as than the design basis p.e., failure during a flood, less
than the design basis).
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6.1.2 EVALUATION OF SITE CONDITIONS

The flood evaluation process is illustrated below:

*tz

ry.

qx; .

rA '

o`

FIGURE 6-1. FLOOD EVALUATION PROCEDURE

The steps in the flood evaluation process include:

1. Determine the facility category (see Chapter 2).

2. From the results of a site screening analysis or flood hazard study, identify the
sources of flooding at the facility.
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3. Based on the flood design guidelines in Table 6-1, determine the DBFL for each
flood hazard. The design basis flood should include possible combinations of
hazards and the assessment of flood loads (e.g., hydrostatic and hydrodynamic
loads) or other effects (e.g., scour, erosion).

4. Determine whether the site or facility is situated above the DBFL flood level. If
not, alternative design strategies must be considered such as hardening the facil-
ity or developing emergency operation plans.

5. Evaluate whether roof drainage is adequate to convey design level precipitation
to prevent ponding or excessive roof loads. The structural design of the roof sys-
tem should also be evaluated.

6. Evaluate the site stormwater management system to determine whether appli-
cable design regulations (i.e., DOE 6430.1A [Reference 91 or local regulations)
are satisfied. Site drainage should also be adequate to satisfy the DBFL
(e.g.,precipitation).

7. For existing construction, review whether the building and/or the site are hard-
ened by adequate flood protection devices.

8. If the facility is located below the DBFL level (even i f the facility has been hard-
ened), emergency procedures should be provided to evacuate personnel and to
secure the facility when the flood arrives.

Inprinciple,buildingsthatfdintoonecategory or another should be designed for different

hazard levels because of the importance assigned to each. However, because floods have

a common-cause impact on all buildings at or below the design basis flood level, the design

basis for the most critical structure may govern the design for all buildings onsite when it is

more feasible to harden a site, rather than an individual building. Exceptions to this case exist

when building locations vary (i.e., they are at significantly different elevations orthere are large

spatial separations), or in the case when individual buildings are hardened to resist the

expected flood loads (i.e., addition of watertight doors to a High Hazard facility building).

N it is important to consider possible interaction betyveen buildings or building functions

0° as part of the process of evaluating buildings at a site. For example, If a High Hazard facility

requires emergency electric power in order to maintain safety levels, buildings which house

emergency generators and fuel should be designed to a High Hazard category flood level.

In general, a systematic review of a site for possible common-cause dependencies is required.

This applies equally for new construction and existing facilities. A straightforward review

develops a logic diagram that displays the functional dependencies and system interactions

between operations housed in each building.
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6.1.3 FLOOD DESIGN STRATEGIES

The basis for the flood evaluation procedure is defined according to a hierarchy of design

strategies. They are:

1. Situate facilities above the DBFL level.

2. Harden a site or individual facility to withstand the effects of flood forces such that
the performance goals are satisfied.

3. For the DBFL, if adequate warning is available, emergency operation plans can
be developed to safely evacuate employees and secure areas with hazardous,
mission-dependent, or valuable materials.

If a DOE facility is situated above the DBFL, the performance goals are readily satisfied. An

option to satisfy the performance goals is to harden a building or site against the effects of

floods such that the chance of damage is acceptably low and to provide emergency operation

plans. This dual strategy Is secondary to siting facilities above the DBFL level because some

• probability of damage does exist and facility operations may be interrupted.

(7. Whether or not a facility is situated above the DBFL should be assessed on the basis of

the critical flood elevation. The critical elevation represents the flood level at which, if flooding

were to occur beyond this depth, the performance level specified as part of the performance

^s goals would be exceeded. Typically, the first floor elevation or a below-grade elevation (i.e.,

foundation level) is assumed to be the critical elevation. However, based on a review of a

" facility, it may be determined that only greater flood depths would cause damage (e.g., critical

equipment or materials may be housed above the first floor). The critical elevation will depend

on the flood hazard (e.g., hydrostatic, hydrodynamic loads), the building structure, and the

^ facility category.
*.,g

6.2 DOE FLOOD HAZARD ASSESSMENTS

While probabilistic hazard evaluations for seismic and wind phenomena have been

perFormed for all of the DOE sites, comparable evaluations for flood hazards have been per-

formed at only 9 of these sites. Flood screening evaluations have been performed for eight

sites in the jurisdiction of the Albuquerque Operations Office (References 60-67). Also, a flood

hazard assessment has been performed for the Hanford Project Site (Reference 68). The

results of these evaluations have been summarized in Reference 3. An overview of flood

considerations is given in Reference 57.
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All sites are exposed to the potential effects of flooding. For example, localized flooding

due to rainfall can occur in streets, in depressed areas, and on roofs. In addition, flooding

can occur on a nearby river, lake, or ocean. The objective of probabilistic hazard evaluations

is to assess the probability of extreme events that have a low probability of being exceeded.

In the case of floods, facilities at DOE sites may not be exposed to extreme flood hazards.

Because of topography, regional climate, or the location of sources of flooding in relation to

a site, extreme flooding on-site may be precluded. For existing facilities, design decisions

may have resulted in all buildings being sited above possible flood levels. Consequently, in

some cases it may be apparent that floods do not pose a substantial hazard to facility oper-

ations. For these so called "dry sites" (Reference 58), it may be possible to demonstrate,

without performing a detailed hazard assessment, that the flood design guidelines described

in this document are satisfied.

The concept of a dry site as used here does not imply that a site is free of all sources of

flooding (e.g., all sites are exposed at least to PreciPitation). Rather, a dry site is interPreted

to mean that facilities (new or existing) are located high enough above potential flood sources

c^ - such that a minimum level of analysis demonstrates that design guidelines are satisfied. For

example, for the flooding source of local precipitation, the adequacy of the stormwater man-

agement system can be readily demonstrated (e.g., roof drainage, storm sewers, local

topography).
rn

To consider flood hazards at DOE sites, a two-phase evaluation process is used. In the

first phase, flood screening analyses are performed (Reference 59). These studies provide

an initial evaluation of the potential for flooding at a site. As part of the screening analysis,

' available hydrologic data and results of previous studies are gathered, and a preliminary

^ assessment ofthe probability of extreme floods is performed. Results of the screening analysis

ca+ can be used to assess whether flood hazards can occur at a site. In some cases, these studies

may demonstrate that flood hazards are extremely rare and, therefore, performance goals are

satisfied. For those sites with high potential for flooding and which have Moderate Hazard

and High Hazard facilities, the second phase will be undertaken. This consists of detaiied

probabilistic flood hazard assessment.

A number of methods have been developed to assess the probability of extreme floods.

These include:

1. extrapolation of frequency distributions,

2. joint probability techniques,

3. regional analysis methods,

6-6



4. paleohydrofogic evaluation of floods, and

5. Bayesian techniques.

References 81-84 provide background on these methods. There is no general agreement in
the literature regarding the appropriateness of these methods to estimate the probability of
extreme floods. Each approach has its advantages and disadvantages and thus no single
technique is well-established.

in estimating the probability of extreme floods it is important that uncertainty analysis be
performed. The uncertainty analysis should consider statistical uncertainty due to limited data
and the uncertainty in the flood evaluation models used (e.g., choice of different statistical
models, uncertainty in flood routing). Discussions of uncertainty assessments can be found
in References 59, 68, 78-80.

6.3 FLOOD DESIGN GUIDELINES FOR EACH FACILITY-USE CATEGORY

Unlike design strategies for seismic and wind hazards, it is not aiways possibleto provide
margin in the flood design of a facility. For example, the simple fact that a site is inundated

ON (forgetting for a moment the possible structural damage that might occur), may cause sig-
nificant disruption (clean-up) and downtime at a facility; this may prove an unacceptable risk
in terms of economic impact and disruption of the mission-dependent function of the site. In
this case, there is no margin, as used in the structural sense, that can be provided in the facility
design. Therefore, the facility must be kept dry and operations must be unimpeded. As a
result, the annual probability of the DBFL corresponds to the performance goal probability of
damage, since any exceedance of the DBFL results in consequences that exceed the per-

_- formance goal.

^t The DBFL for General Use and Important or Low Hazard facilities can generally be
0% estimated from available flood hazard assessment studies. These include: the results of flood

screening studies, flood insurance analyses, or other comparable evaluations. For these
facility types, it is not necessary that a fuit-scbpe hazard evaluation be performed, if the results
of other recent studies are available and, if uncertainty in the hazard estimate is accounted
for.

For Moderate and High hazard facilities, a comprehensive flood hazard assessment

should be performed, unless the results of the screening analysis (see Reference 59) dem-
onstrate that the performance goals are satisfied.
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6.3.1 General Use Facilities

The performance goal for General Use facilities specifies that occupant safety be

maintained and that the probability of severe structural damage be less than or about a 10-3

per year. For General Use facilities, the DBFL corresponds to the hazard level whose mean

annual probability of exceedance is 2x10-3. In addition, event combinations that must be

considered are listed in Table 6-2.

To meet the performance goal for this category, two requirements must be met: (1) the

facility structural system must be capable of withstanding the forces associated with the DBFL

and (2) adequate flood warning time must be available to ensure that building occupants can

be evacuated (1 to 2 hours, Reference 71). if the facility is located above the DBFL, then

structural and occupant safety requirements are met.

For structural loads applied to roofs, exterior walls, etc., applicable building code

- requirements (e.g., DOE 6430.1A, Uniform Building Code (UBC) References 9, 10) provide

standards for design that meet the performance goal for General Use facilities.

For existing construction, or at new sites where the facility cannot be above the DBFL

° level, an acceptable design can be achieved by:

1. Providing flood protection for the site or for specific General Use facilities, such
that severe structural damage does not occur, and

2. Developing emergency procedures in order to secure facility contents above the
design flood elevations in order to limit damage to the building to within accept-
able levels and to provide adequate warning to building occupants.

6.3.2 Important or Low Hazard Facilities.^

The performance goal for Important or Low Hazard facilities is to limit damage and
rn

interruption of facility operations while also maintaining occupant safety. For these facilities,

the DBFL is equal to the flood whose probability of exceedance is 5x10'4 per year plus the

event combinations listed in Table 6-2. The results of flood insurance studies (Reference 69)

routinely report the flood level corresponding to the 2x10-3 probability level. For purposes of

establishing the DBFL for Important or Low Hazard facilities, the results of these studies can

be extrapolated to obtain the flood with a probability of 5.0x10'4 of being exceeded (if this

result is not reported). A range of extrapolations should be considered, with a weighted

average being used as the design basis.
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For new construction, facilities in this category should be located above the DBFL For

7.1 existing construction, or at new sites where the above siting criteria cannot be met, an
acceptable design can be achieved by the same measures described for General Usefaciiities.

For Important or Low Hazard facilities whose critical elevation is below the DBFL, emergency

procedures must be developed to mitigate the damage to mission-dependent components

and systems. These procedures may include installation of temporary flood barriers, removal

of equipment to protected areas, anchoring vulnerable items, or installing sumps or emergency

pumps.

As in the case of General Use facilities, UBC design standards or local ordinances should
be used to determine design requirements and site drainage. Site drainage should be ade-
quate for roofs and walis to prevent flooding that would interrupt facility operations.

6.3.3 Moderate Hazard Facilities

The performance goal for Moderate Hazard facilities is continued function of the facility,

-a including confinement of hazardous materials and occupant safety. Facilities in this category

should be located above flood levels whose annual probability of exceedance is 10-4, including

the combinations of events shown in Table 6-2.

Emergency operation procedures must be developed to secure hazardous materials,

prepare Moderate Hazard facilities for possible extreme flooding and loss of power, and for

an extended stay on-site. Emergency procedures should be coordinated with the results of

the flood hazard analysis, which provides input on the time variation offlooding, type of hazards
^e4

to be expected, and their duration. The use of emergency operatlon plans is not an alternative

- to hardening a facility to provide adequate confinement unless all hazardous materials can be
completely removed from the site.

CY,
Roofs should be designed in accordance with UBC standards in order to drain rainfall

whose probability of exceedance is 10-4. The amount of ponding that can occur on building

roofs should be controlled by adding scuppers (openings in parapet walls) and/or limiting

parapet wall heights. If ponding on-site is expected to occur, drainage should be provided to

convey the stormwater away from the facility. Alternatively, doors and openings should be

made watertight.

6.3.4 High Hazard Facilities

The performance goals for High Hazard facilities are basically the same as for Moderate

Hazard facilities. However, a higher confidence is required that the performance goals are
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met. Facilities in this category should be located above flood levels whose annual probability

of exceedance is 10-5, including combinations of events listed in Table 6-2. Required emer-

gency operation procedures are the same as those for Moderate Hazard facilities. Roofs

should be designed in accordance with UBC standards in order to drain the rainfall whose

probability of exceedance is 10-5. The control of ponding is the same as that recommended

for Moderate Hazard facilities.

6.4 FLOOD DESIGN PRACTICE FOR FACILITIES BELOW THE DBFL ELEVATION

Forstructures located belowthe design basisflood level, mitigation measures otherthan

siting at a higher elevation can provide an acceptable margin of safety. In general, structural

measures are considered next, followed by non-structural actions (i.e., flood warning and

emergency operations plans). In practice, for sites located below the design basis flood level,

a combination of structural and non-structural measures are used. Guidelines for structural

flood mitigation measures are described in this section.
..

-- 6.4.1 Flood Loads

To evaluate the effects of flood hazards, corresponding forces on structures must be

evaluated. Force evaluations must consider hydrostatic and hydrodynamic effects, including

N, the impact associated with wave action. In addition, the potential for erosion and scour and

debris loads must be considered. Good engineering practice should be used to evaluate

flood loads (References 70, 72-76). The forces due to ice formation on bodies of water should

be considered in accordance with DOE 6430.1A (Reference 9).
-,. . .

^ Building roof design should provide adequate drainage as specified by DOE 6430.1A

(Reference 9) and in accordance with local plumbing regulations. Secondary drainage

(overflow) should be provided at a higher level and have a capacity at least that of the primary

drain. Limitations of water depth on a roof specified by DOE 6430.1A or applicable local

regulations apply. The roof should be designed to consider the maximum depth of water that

could accumulate If the primary drainage system is blocked (Reference 10, 16).

6.42 Design Requirements

Design criteria (i.e., for allowable stress or strength design, load factors, and load

combinations) for loads on exterior walls or roots due to rain, snow, and ice accumulation

should follow applicable code standards for the materials being used (References 45, 55).
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6.4.2.1 General Use and important or Low Hazard Facilities

Facilities that are subject to flood loads should be designed according to provisions of
UBC or local ordinances and specified flood load combinations (e.g., ponding, hydrostatic).

6.4.2.2 Moderate and High Hazard Facilities

Buildings and related structures that are directly impacted by flood hazards should be
constructed of reinforced concrete and designed according to strength methods as required
by ACI 349-85 (Reference 44). Load factors and combinations specified in Reference 69
should be used.

6.4.3 Design of Other Civil Engineering Facilities

in addition to the design of buildings to withstand the effects of flood hazards, other civii
works must be designed for flood conditions. These include components of the stormwater
management system such as street drainage, storm sewers, stormwater conveyance systems
such as open channels, and roof drainage. Applicable procedures and design criteria specified
in DOE 6430.1A (Reference 9) and/or local regulations should be used in the design of

'o` stormwater systems. However, the design of individual facilities to resist the effects of local,
onsite flooding (e.g., local ponding, street flooding) should be evaluated to ensure that the
performance goals are satisfied.

6.4.4 Flood Protection Structures

Facilities can be hardened to withstand the effects (e.g., loads, erosion, scour) of flood
hazards. T icai hardeningyp systems are:

1. structural barriers (e.g., building, watertight doors),

2. waterproofing (e.g., waterproofing exterior walls, watertight doors),

o` 3. levees, dikes, seawalls, revetments, and
4. diversion dams and retention basins.

Applicable design guides for levees, dikes, small dams, etc. can be found in U.S. Army
Corps of Engineers, U.S. Bureau of Reclamation, Soil Conservation Service reference docu-

ments (References 70, 71, 72, 76, 77). Design of structural systems such as exterior walls,

roof systems, doors, etc. should be designed according to applicable criteria for the facility

category considered (see Section 6.4.2).
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6.5 FLOOD RtSK ASSESSMENT

In some cases the need may arise for DOE or the DOE site manager to perform a

quantitative flood risk assessment. There may be a variety of reasons requiring a compre-

hensive risk evaluation of a site. These considerations include:

1. Demonstration that the performance goals are satisfied.

2. Evaluation of alternative design strategies to meet the performance goals.

3. Detailed consideration of conditions at a site that may be complex, such as vary-
fng hydraulic loads (e.g., scour, high velocity flows), system interactions, second-
ary failures, or a potential for extraordinary health consequences.

4. A building is not reasonably incorporated in the four facility categories.

A quantitative evaluation of the risk due to flooding can be assessed by performing a

probabilistic safety analysis (PSA). The objective of a flood PSA is to evaluate the risk of

damage to systems important for maintaining safety and operating a critical facility. Risk

calculations can be performed to evaluate.the likelihood of damage to onsite systems and of

69 public health consequence. Procedures to perform PSAS are discussed in References 78-80,
r^

85.
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APPENDIX A

COMMENTARY ON SEISMIC DESIGN AND ANALYSIS GUIDELINES

The overall approach employed for the seismic design and evaluation guidelines is

discussed in Section A.I. The basis for selection of recommended hazard exceedance

probabilities is described in Section A.2. Earthquake ground motion response spectra are

discussed in Section A.3. The basic attributes of equivalent static force methods and dynamic

analysis methods are described in Sections A.4 and A.S. Note that energy dissipation from

damping or inelastic behavior is implicitly accounted for by the code formulas in equivalent

static force methods. The means of accounting for energy absorption capacity of structures

in dynamic analyses are discussed in Section A.S. The basis for the specific seismic design

and evaluation guidelines including the inelastic demand-capacity ratios recommended for

usage in the design and evaluation of Moderate and High Hazard facilities is described in

n Section A.7.

A.1 Basic Approach for Earthquake Design and Evaluation at Appropriate

^ Lateral Force Levels

^ TheperformanceofaDOEfacilitysubjectedtoanaturalphenomenahazard(earthquake,

wind, or flood) depends not only on the level of hazard selected for design or evaluation, but

also an the degree of conservatism used in the design or evaluation process. For instance,

if one wishes to achieve less than about 10-4 annual probability of onset of loss of function,

, this goal can be achieved by using conservative design or evaluation approaches for a natural

phenomena hazard which has a more frequent annual probability of exceedance (such as

^ 10-3), or it can be achieved by using median centered design or evaluation approaches (i.e.,

not having any intentional conservative or unconservative bias) coupled with a 10-4 hazard

cr definition. At least forthe earthquake hazard, theformer alternate has been the mosttraditionai.

Conservative design or evaluation approaches are well established, extensively documented,

and commonly practiced. Median design or evaluation approaches are currently controversial,

not well understood, and seldom practiced. Conservative design and evaluation approaches

are utilized for both conventional facilities (similar to DOE category - General Use Facilities)

and for nuclear power plants (equal to or more severe than DOE category - High Hazard

Facilities). For consistency with these other uses, the approach in this report recommends

using conservative design and evaiuation procedures coupled with a hazard definition con-

sistent with these procedures.
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The performance goals for General Use and Important or Low Hazard facilities are

consistent with goals of conventional building codes for normal and important or essential

facilities, respectively. For seismic design and evaluation of facilities, conventional building

codes utilize equivalent static force methods except for very unusual or irregular facilities, for

which a dynamic analysis method is employed. The performance goals for Moderate and

High Hazard Facilities approach those used for nuclear power plants for which seismic design

and evaluation is accomplished by means of dynamic analysis methods. For these reasons,

the guidelines presented in this report recommend that lesser hazard facilities be evaluated

by methods corresponding closely to conventional building codes and higher hazard facilities

be evaluated by dynamic analyses.

i^.

!7+

The performance goals presented in Chapter 2 and the recommended hazard excee-

dance probabilities presented in Sections 4.2.2 and 4.2.3, are tabulated below for each

facility-use category.

Hazard Ratio of Hazard
Fecility Performance Exceedance to Performance

Category Goal Probability Probability

General
Use 1x10-3 2x10'3 2

Important or
Low Hazard 5x10"4 1x10-3 2

Moderate
Hazard 1x10-4 1x10-3 10

High
Hazard 1x10-5 2x10-4 20

As shown in the above table, the hazard exceedance probabilities and performance goal

-° exceedance probabilities recommended herein are different. These differences Indicate that

conservatism must be introduced in the seismic behavior evaluation approach. In earthquake

evaluation, there are many places where conservatism can be introduced, including:

1. Maximum design/evaluation ground acceleration.

2. Response spectra amplification.

3. Damping.

4. Analysis methods.

5. Specification of material strengths.

6. Estimation of structural capacity.

7. Load factors.

8. Importance factors.

9. Umits on inelastic behavior.
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10. Soil-structure interaction.

11. Effective peak ground motion.

12. Effects of a large foundation or foundation embedment.

For the earthquake evaluation guidelines presented in this chapter, conservatism is intentio-

nally introduced and controlled by specifying (1) hazard exceedance probabilities, (2) load

factors, (3) Importance factors, (4) limits on inelastic behavior, and (5) conservatively specified

material strengths and structural capacities. Load and importance factors have been retained

for the evaluation of General Use and Important or Low Hazard facilities because the 1988

UBC approach which includes these factors is followed for these categories. These factors

are not used in general dynamic analyses of facilities or in Reference 11, and thus they were

notusedfortheevaluationofModerateandHighHazardfacilitiesbydynamicanalysis. Material

strengths and structural capacities specified herein correspond to ultimate strength code-type

provisions (i.e., ACI 318-83 for reinforced concrete, UBC Sec. 2721 for steel). It is recognized

that such provisions introduce conservatism. In addition, it is acceptable by these guidelines

to use peak ground accelerations from Reference 1 as the input earthquake excitation at the

rs. foundation level of facilities. As discussed in Sections 4.4.1 and 4.4.2, significant additional
conservatism can be introduced if considerations of effective peak ground motion, soil-
structure interaction, and effects of large foundation or foundation embedment are ignored.

The seismic design and evaluation guidelines presented in Section 4.2, are consistent

from category to category, with the 1988 UBC provisions (Reference 10) for General Use
facilities being the baseline for the guidelines for all categories. The differences in seismic

evaluation guidelines among categories in terms of load and importance factors, limits on

inelastic behavior, and other factors as described in Section 4.2, and illustrated in Table 4-1,
N are summarized below:

a`
1. General Use and Only hazard exceedance probability and Importance factordifter. All other

Important or Low Hazard factors are held the same.

2 Important or Low Hazard and Loadfactors, importance factors, damping, and limits on inelastic behavior
Moderate Hazard differ. All other factors we essentially the same, although static force

evaluation methods are used for Important or Low Hazard facilities and
dynamic analysis Is used for Moderate Hazard facilities.

3. Moderate and Hazard exceedance probability and limits on inelastic behavior differ. All
High Hazard other factors are held the same.

The different load factors, importance factors, limits on inelastic behavior, and damping

making up the seismic design and analysis guidelines for each facility-use category result in

facilities in each category having a different demand (i.e., the value, D, computed as shown

in Sections 4.2.2 and 4.2.3, which is compared to ultimate capacity to assess facility adequacy).
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Larger demand (i.e., required capacity) values result for more hazardous categories, which

is indicative of the greater conservatism and reduced probability of damage or loss of capability

to function associated with the higher hazard categories:

Ss^

ell%

r.^

ha

^A

r^

A.2 Earthquake Hazard Annual Exceedance Probabilities

Historically, non-Federal Government Geheral Use and Essential or Low Hazard facilities

located in California, Nevada, and Washington have been designed for the seismic hazard

defined in the Uniform Building Code. Other regions of the U.S. have generally used either

some version of the UBC seismic hazard definition or else have ignored seismic design. Past

UBC seismic provisions ( 1985 and earlier) are based upon the largest earthquake intensity

which has occurred in a given region during the past couple of hundred years. These pro-

visions do not consider the probability of occurrence of such an earthquake and thus do not

make any explicit use of a probabilistic seismic hazard analysis. However, within the last ten

years there has been considerable interest in developing a national seismic design code.

Proponents have suggested that a seismic design code would be more widely accepted If the

seismic hazard provisions of this code were based upon a consistent uniform annual probability

of exceedance for all regions of the U.S. Several probabilistic-based seismic hazard provisions

have been proposed (References 11,47,48). A probabilistic based seismic zone map was

recently incorporated into the 1988 Uniform Building Code (Reference 10). Canada has

adopted this approach (Reference 15). The suggested annual frequency of exceedance for

the design seismic hazard level differs somewhat between proposed codes, but all lie in the

range of 10-2 to 10-3. For instance, ATC-3 (Reference 47) has suggested the design seismic

hazard level should have about a 10 percent frequency of exceedance level in 50 years which

corresponds to an annual exceedance frequency of about 2c10-3. The Canadian building

code used 1x10-2 as the annual exceedance level for their design seismic hazard definition.

The Department of Defense (DOD) tri-services seismic design provisionsfor essential buildings

(Reference 11) suggests a dual level for the design seismic hazard. Facilities should remain

essentially elastic for seismic hazard with about a 50 percent frequency of exceedance in 50

years or about a 1 x10-2 annual exceedance frequency, and they should not fail for a seismic

hazard which has about a 10 percent frequency of exceedance in 100 years or about 1x10-3

annuai exceedance frequency.

On the other hand, nuclear power plants are designed so that safety systems do not fail

if subjected to a safe shutdown earthquake (SSE). The SSE generally represents the expected

ground motion at the site eitherfrom the largest historic earthquakewfthin the tectonic province

within which the site is located or from an assessment of the maximum earthquake potential
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of the appropriate tectonic structure or capable fault closest to the site. The key point is that
this is a deterministic definition of the design SSE. Recent probabilistic hazard studies (e.g.,
Reference 49) have indicated that for nuclear plants In the eastern U.S., the design SSE level
generally corresponds to an estimated mean annual frequency of exceedance of between
1063 and 10-4. Also, during the last ten years, considerable interest has developed in
attempting to estimate the seismic risk of these nuclear power plants in terms of annual
probability of seismic-induced core melt or risk of early fatalities and latent cancer to the public.
Many studies have been conducted on seismic risk of individual nuclear power plants. Because
those plants are very conservatively designed to withstand the SSE, these studies have
indicated that the seismic risk is acceptably low (generally less than about 10-5 annual
probability of seismic induced core damage) when such plants are designed for SSE levels
with a mean annual frequency of exceedance between 10-3 and 10-4 (References 17, 18, 19,
and 20).

^ Withthiscomparativebasisforotherfacilities,itisjudgedtobeconsistentandappropriate

to define the seismic hazard for DOE facilities as follows:
^ _..

Earthqueke Hazard Annual

General Use 2x103

Important or Low Hazard 1x10-3

!T+" Moderate Hezerd 1x10-3

High Hazard ac10'4

These hazard definitions are appropriate so long as the seismic design or evaluation of
the facility is conservatively performed for these hazards. The level of conservatism of the

^ evaluation for these hazards should increase as one goes from General Use to High Hazard
*'$ facilities. The conservatism associated with General Use and Important or Low Hazard
cy^ categories should be consistent with that contained in the UBC (Reference 10) or ATC-3

(Reference 47) for normal or essential facilities, respectively. The level of conservatism in the
seismic evaluation for High Hazard facilities should approach that used for nuclear power
plants when the seismic hazard is designated as above. The criteria contained in this report
follow the philosophy of a gradual reduction in the annual exceedance probability of the hazard
coupled with a gradual increase in the conservatism of the evaluation procedure as one goes
from a General Use to a High Hazard facility.
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A.3 Earthquake Ground Motion Response Spectra

Design/evaluation earthquake response spectra generally have the shape shown in

Figure 4-1. The design/evaluation spectrum shape is similar to that for an actual earthquake

except that peaks and valleys which occur with actual earthquake spectra are smoothed out.

Also, design/evaluation spectra typically include motions from several potential earthquakes

such that they are broader in frequency content than spectra computed for actual earthquake

ground motion. Such simplified spectral shapes are necessary in order to provide a practical

input for seismic analyses. Because design/evaluation spectra are smoothed and broadened

relative to actual earthquake spectra, a design/evaluation spectrum tends to be a conservative

representation of actual earthquake amplification that might occur at a facility site.

Spectral amplication depends strongly on site conditions. For this reason, it would

generally be expected that response spectra to be used for the design or evaluation of haz-

ardous DOE facilities would be evaluated from site-specific geotechnical studies. There is a

very good discussion on the development of response spectra from site-specific studies and

other approaches in Reference 11. Alternatively, response spectra for DOE sites are available

t?` for use from Reference 1. Reference 1 spectra were developed from general site conditions

and not from a site-specific geotechnical study. Additional approaches available for estimating

response spectra from general site conditions are described in References 25, 26, and 27.

Any of these methods is acceptable for estimating input design/evaluation response spectra.

NotethattomeettheperformancegoalsinChapter2usingtheguidelinespresentedinSections

4.2.2 and 4.2.3, median amplification reponse spectra should be used. Mean amplification

spectra are a conservative approximation of median spectra.

The C factor in the 1988 UBC base shear equation (e.g., Equation 4-1) is approximately

equivalent to spectral amplification for 5 percent damping, and the Z factor corresponds to

the maximum ground acceleration such that ZC corresponds to a 5 percent damping earth-

quake response spectrum. For General Use and Important or Low Hazard facilities, earthquake

loading is evaluated from Equation 4-1 in accordance with UBC seismic provisions with the

exception that the ZC is determined from input design/evaluation response spectra as

described in Section 4.2.2. ZC as given by 1988 UBC provisions is plotted as a function of

natural period on Figure A-1. Also, Figure A-1 includes a typical design/evaluation spectra.
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FIGURE A-1

COMPARISON OF 1988 UBC ZC WITH TYPICAL

DESIGN/EVALUATION RESPONSE SPECTRUM

It is shown in Figure A-1 that an actual design evaluation spectrum differs significantly from

the code coefficients, ZC, only in the low natural period region ( i.e., less than about 0.125

seconds . As a result, an amust be made in the low region) adjustment period in order to not
be unconservative when the design/evaluation spectra are used along with other provisions

4w of the code. The required adjustment to the design/evaluation spectra is to require that for

^ fundamental periods lower than the period atwhich the maximum spectral acceleration occurs,

ZC should be taken as the maximum spectral acceleration. This provision has the effect of

making the design/evaluation spectra as shown in Figure 4-1, have a shape similar to that for

ZC perthe code provisions as shown in Figure A-1. In this manner, the recommended seismic

evaluation approach for General Use and Important or Low Hazard facilities closely follows

the 1988 UBC provisions while utilizing seismic hazard data from site dependent studies.

In the design and evaluation guidelines presented in Section 4.2.3, for Moderate and

High Hazard facilities, design/evaluation spectra as shown in Figure 4-1, are used for dynamic

seismic analysis. However, in accordance with Reference 11, for fundamental periods lower

than the period at which the maximum spectral acceleration occurs, spectral acceleration

should be taken as the maximum spectral acceleration. For higher modes, the actual spectrum

at all natural periods should be used in accordance with recommendations from. Reference

11.
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The basis for using the maximum spectral acceleration in the low period range by both

the Reference 10 and 11 approaches is twofold: (1) to avoid being unconservative when using

constant response reduction coefficients, Rw, or inelastic demand-capacity ratios, Fu; and (2)

to account for the fact that stiff structures may not be as stiff as idealized in dynamic models.

Constant factors permit the elastically computed demand to exceed the capacity the same

amount at all periods. Studies of inelastic response spectra such as those by Riddell and

Newmark (Reference 50), indicate thatthe elastically computed demand cannot safely exceed

the capacity as much in the low period region as compared to larger periods. This means

that lower inelastic demand-capacity ratios must be used for low period response if the actual

spectra are used. Since constant demand-capacity factors are used herein, increased spectra

as shown in Figure 4-1, must be used in the low period response region. Another reason for

using increased spectral amplification at low periods is to assure conservatism for stiff

structures. Due to factors such as soil-structure interaction, base mat flexibility, and concrete

cracking, structures may not be as stiff as assumed. Thus, for stiff structures at natural periods

below that corresponding to maximum spectral amplification, greater spectral amplification

than that corresponding to the calculated natural period from the actual spectra may be more

realistic. In addition, stiff structures which undergo ineiastic behavior during earthquake

ground motion soften (i.e., effectively respond at increased natural period) such that seismic

response may be driven into regions of increased dynamic amplification compared to elastic

response.

A.4 Static Force Method of Seismic Analysis

Seismic codes are based on a method that permits earthquake behavior of facilities to

-- " be translated into a relatively simple set of formulas. From these formulas, equivalent static ^

seismic loads that may affect a facility can be approximated to provide a basis for design or

'rj% evaluation. Equivalent static force methods apply only to relatively simple structures with nearly

regular, symmetrical geometry and essentially uniform mass and stiffness distribution. More

complex structures require a more rigorous approach to determine the distribution of seismic

forces throughout the structure, as described in Section A.5.

Key elements of equivalent static force seismic evaluation methods are formulas which

provide (1) total base shear; (2) fundamental period of vibration; and (3) distribution of seismic

forces with height of the structure. These formulas are based on the response of structures

with regular distribution of mass and stiffness over height in the fundamental mode of vibration.

The 1988 UBC provisions (Reference 10) inciude, in their equation for total base shear, terms

corresponding to maximum ground acceleration, spectral amplification as a function of natural
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period, a factor of conservatism based on the importance of the facility, and a reduction factor

which accounts for energy absorption capacity. Very simple formulas estimate fundamental

period by relating period to structure dimensions with coefficients for different materials or by

a slightly more complexformulabased on Rayleigh's method. This code defines the distribution

of lateral forces of various floor levels. In addition, a top force is introduced to accommodate

the higher modes by increasing the upper story shears where higher modes have the greatest

effeot. The overturning moment is calculated as the static effect of the forces acting at each

floor level. Story shears are distributed to the various resisting elements in proportion to their

rigidities, considering diaphragm rigidity. Increased shears due to actual and accidental

torsion must be accounted for.

Seismic forces in members determined from the above approach and combined with

forces due to other loadings are multiplied by a load factor and compared to code ultimate

;r strength levels in orderto evaluate whether or not the design is adequate for earthquake loads.

In addition, deflections are computed from the lateral forces and compared to story drift lim-

itations to provide for control of potential damage and overall structural frame stability from

P-delta effects.

A.5 Dynamic Seismic Analysis

As mentioned previously, complex irregular structures cannot be evaluated by the

equivalent static force method because the formulas for seismic forces throughout the structure

would not be applicable. For such structures, more rigorous dynamic analysis approaches

are required. In addition, forvery important or highly hazardous facilities, such as the Moderate

or High Hazard categories, it is recommended that the equivalent static force method not be

'w used except for very simple structures. Dynamic analysis approaches lead to a greater

s^ understanding of'seismic structural behavior. These approaches should generally be utilized

for high hazard facilities.

An analysis is considered dynamic if it recognizes that both loading and response are

time-dependent and if it employs a suitable method capable of simulating and monitoring such

time-dependent behavior. In this type of analysis, the dynamic characteristics of the structure

are represented by a mathematical model. Input earthquake motion can be represented as

a response spectrum or an acceleration time history.

The mathematical model describesthe stiffness and mass characteristics of the structure

as well as the support conditions. This model is described by designating nodal points which

correspond to the structure geometry. Mass in the vicinity of each nodal point is typically
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lumped at the nodal point location in a manner that all of the mass of the structure and its

contents are accounted for. The nodal points are connected by elementswhich have properties

corresponding to the stiffness of the structure between nodal point locations. Nodal points

are free to move (caHed degrees of freedom) or are constrained from movement at support

locations. Equations of motion equal to the total number of degrees of freedom can be

developed from the mathematical model. Response to any dynamic forcing function such as

earthquakegroundmotioncanbeevaluatedbydirectintegrationoftheseequations. However,

dynamic analyses are more commonly performed by considering the modal properties of the

structure.

For each degree of freedom of the structure, there are natural modes of vibration, each

of which responds at a particular natural period in a particular pattern of deformation (mode

shape). There are many methods available for computing natural periods and associated

F-0 mode shapes of vibration. Utilizing these modal properties, the equations of motion can be

written as a number of single degree-of-freedom equations by which modal responses to

dynamic forcing functions such as earthquake motion can be evaluated independently. Total

response can then be determined by superposition of modal responses. The advantage of

-- this approach is that much less computational effort is required for modal superposition

,,. analyses than direct integration analyses since fewer equations of motion require solution.

Many of the vibration modes do not result in significant response and thus can be ignored.

The significance of modes may be evaluated from modal properties before response analyses

are performed.

The direct integration or modal superposition methods calculate response by consid-

ering the motions applied and the responses computed using a time-step by time-step

p i numerical dynamic analysis. Whentheinputearthquakeexcitationisgivenintermsofresponse

^ spectra (as is the case for the motions provided for design and evaluation of DOE facilities in

Reference 1) the maximum structural response may be most readily estimated bythe response

spectrum evaluation approach. The complete response history is seldom needed for design

of structures; maximum response values usually suffice. Because the response in each

vibration mode can be modeled by single degree-of-freedom equations, and response spectra

provide the response of single degree-of-freedom systems to the input excitation, maximum

modal response can be directly computed. Procedures are then available to estimate the total

response from the modal maxima which do not necessarily occur simultaneously.
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A.6 Analytical Treatment of Energy Dissipation and Absorption

Earthquake ground shaking is a limited energy transient loading, and structures have
energy dissipation and absorption capacity through damping and through hysteretic behavior
during inelastic response. This section discusses simplified methods of accounting for these
modes of energy dissipation and absorption in seismic response analyses.

Damping - Damping accounts for energy dissipation in the linear range of response of
structures and equipment to dynamic loading. Damping is a term which is utilized to account
for various mechanisms of energy dissipation during seismic response such as cracking of
concrete, slippage at bolted connections, and slippage between structural and nonstructurai

elements. Damping is primarily affected by:

1. Type of construction and materials used.

2. The amount of nonstructural elements attached.

3. The earthquake response strain levels.
^.,.

Damping increases with rising strain level as there are increased concrete cracking and internal
work done within materials. Damping is also larger with greater amounts of nonstructurai

eiements (interior partitions, etc.) in a structure which provide more opportunities for energy

losses due tofriction. For convenience in seismic response analyses, the damping is generally
assumed to be viscous in nature (velocity dependent) and is so approximated. Damping is
usually considered as a proportion or percentage ofthe critical damping value, which is defined

.^^ . as that damping in a system which would prevent oscillation for an initial disturbance not

^ continuing through the motion:

Table 4-4 reports typical structural damping values for various materials and construction

(Reference 11). These values correspond to strains beyond yielding of the material and are
recommended for usage along with other provisions of this document for design or evaluation
seismic response analyses of Moderate and High Hazard facilities. Post-yielding damping

values are judged to be appropriate because facilities designed by these guidelines are
intended to reach strains beyond yield level if subjected to the design/evaluation level earth-

quake ground motion, and such damping levels are consistent with other seismic analysis
provisions based on Reference 11. For General Use and Important or Low Hazard facilities,
the guidelines recommend seismic evaluation by code type equivalent static force methods
but with the factors for maximum ground acceleration and spectral amplification in the total
base shear formula taken from Reference 1. In this case, it is recommended that the 5 percent
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damped spectra be used for all General Use and Important or Low Hazard facilities to be

consistent with building code evaluation methods. The spectral amplification factor in con-

ventional building codes is based upon 5 percent damped spectral amplification.

Inelastic Behavior - Energy absorption in the inelastic range of response of structures and

equipment to earthquake motions can be very significant. Figure A-2 shows that large hys-

teretic energy absorption can occur for even structural systems with relatively low ductility

such as concrete shear walls or steel braced frames.
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a. Shear force-distortion for concrete wall test (Ref.51)
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b. Lateral force-displacement for steel braced frame (Ref.52)

FIGURE A-2 CYCLIC LOAD-DEFLECTION BEHAVIOR OF
CONCRETE SHEAR WALLS AND STEEL BRACED FRAMES
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Generally, an accurate determination of Inelastic behavior necessitates dynamic nonlinear

analyses performed on a time- history basis. However, there are simplified methods to

approximate nonlinear structural response based on elastic response spectrum analyses

through the use of either spectral reduction factors or inelastic demand-capacity ratios.

Spectral reduction factors and inelastic demand-capacity ratios permit structural response to

exceed yield stress levels a limited amount as a means to account for energy absorption in

the inelastic range. Based on observations during past earthquakes and considerable dynamic

test data, it is known that structures can undergo limited inelastic deformations without

unacceptable damage when subjected to transient earthquake ground motion. Simple linear

analytical methods, approximating inelastic behavior using spectral reduction factors and

inelastic demand-capacity ratios are briefly described below.

1. Spectral reduction factors - Structural response is determined from a response
spectrum dynamic analysis. The spectral reduction factors are used to deamplify
the elastic response spectrum producing an inelastic response spectrum which is

'7" used in the analysis. The resulting member forces are compared to yield level
stresses to determine structural adequacy.

CA^
2. lnelasUc demand-capacity ratios - Structural response is determined from either

-- response spectra or time history dynamic analyses with the input excitation con-
sistent with the elastic response spectra. 'The resulting member forces are the
demand on the structure which is compared to the capacity determined from
member forces at yield stress level. If the permissible demand-capacity ratios are
not exceeded, it would be concluded that the structure was adequate for earth-
quake loading.

The spectral reduction factors and inelastic demand-capacity ratios are evaluated based upon

the permissible inelastic behavior level, which depends on the materials and type of con-

struction. For ductile steel moment frames, relatively large reduction factors or demand-

capacity ratios are used. For less ductile shear walls or braced frames, lower reduction values

or demand-capacity ratios are employed. For more hazardous facilities, lower reduction factors

or demand-capacity ratios may be used to add conservatism to the design or evaluation

process, such that increased probability of surviving any given earthquake motion may be

achieved. The inelastic demand-capacity ratio approach is employed for design or evaluation

of higher hazard DOE facilities by these guidelines. This approach is recommended in the

DOD manual for seismic design of essential buildings (Reference 11). Inelastic demand-

capacity ratios are called Fu in this document. Base shear reduction coefficients which account

for energy absorption due to inelastic behavior and other factors are called Rw by the 1988

UBC provisions.
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Reduction coefficients, Rw, to be used for evaluation of General Use and Important or

Low Hazard facilities and recommended inelastic demand-capacity ratios, Fu, for Moderate

and High Hazard facilities are presented in Table 42forvarious structural systems. Rw factors ; k.

given in the table are taken directly from Reference 10. The Fu factors presented in Table 4-2

were established to approximately meet the performance goals for structural behavior of the

facility as defined in Chapter 2 and as discussed in Section A. 1. These factors are based both

on values given in Reference 11 and on values calculated from code reduction coefficients in

a manner that the demand or required capacity which meets the performance goal is obtained.

The following section describes the detailed method of establishing the values of Fu.

The code reduction coefficients, Rw, by the 1988 UBC approach and inelastic

demand-capacity ratios, Fu, by the DOD approach differ in the procedures that define per-

missible inelastic response under extreme earthquake loading. By the 1988 UBC approach,

^ only the element forces due to earthquake loads are reduced by the reduction coefficient, Rw,

in evaluating demand; while by the DOD approach, element forces due to both earthquake

mm and dead and live loads are reduced by the inelastic demand-capacity ratio, Fu, in evaluating

d' demand. The effect of this difference is that the DOD approach may be less conservative for

beam or brace members heavily loaded by dead and live loads.

'^ In addition, the approach for permitting inefastic behavior in columns subjected to both

axial forces and bending moments differs between the 1988 UBC and DOD provisions. By

the 1988 UBC approach, seismic axial forces and moments are both reduced by Rw, and then

"combined with forces and moments due to dead and live loads, along with an appropriate

load factor. The resultant forces and moments are then checked in code type interaction

^ formulas to assess the adequacy of the column. By the DOD approach, column interaction
:e! formulas have been rewritten to incorporate the inelastic demand-capacity ratio (as shown in

!?` Figures 4-2 and 4-3 of Reference 11): By the DOD interaction formulas, the inelastic

demand-capacity ratio is applied only to the"bending moment, and axial forces are unaffected.

In addition, the inelastic demand-capacity ratios are low compared to ratios for other types of

members such as beams, as discussed in the next section, A.7. The DOD approach for

columns is followed by these guidelines. The result of these differences is that the DOD

provisions for columns are conservative relative to the 1988 UBC provisions such that there

is less probability of damage to columns In Moderate and High Hazard facilities than in the

Chapter 2 performance goals.
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Several other factors may be noted about the inelastic demand-capacity ratios, Fu:

1 Table 4-2 values asstime that good seismic design detailing practice as dis-
cussed in Section 4.3 has been employed such that ductile behavior is maxi-
mized. If this is not the case (e.g., an existing facility constructed a number of
years ago), lower inelastic demand-capacity ratios should be used than those
presented herein.

2. Table 4-2 values assume that inelastic behavior will occur reasonably uniformly
throughout the lateral load-carrying system. If inelastic behavior during seismic
response is concentrated in local regions of the lateral load carrying system,
lower inelastic demand-capacity ratios should be used than those presented
herein.

3. Inelastic demand-capacity ratios are provided in Table 4-2 for the structural sys-
tems described In References 10 and 11. For other structural systems not cov-
ered in the table, engineers must Interpolate or extrapolate from the values given
based on judgement in order to evaluate inelastic demand-capacity ratios which
are consistent with the intent of these guidelines.

e°+
A.7 Basis for Seismic Guidelines for Important or Low Hazard, Moderate

Hazard, and High Hazard Facilities

^ The performance goal for General Use facilities is probability of exceedance of 1x10-3
for significant structural damage to the facility. It is judged that this goal is approximately met
by following the 1988 UBC provisions (Reference 10) and with a probability of exceedance of
2x10-3 for the design/evaluation level peak ground acceleration. The facility demand for
General Use facilities in accordance with the 1988 UBC provisions is based on maximum
ground acceleration as described above, median spectral amplification at 5 percent damping,
load factor of approximately 1.4, importance factor of unity, and reduction coefficients, as given
in Table 4-2. This demand level is the baseline from which the design/evaluation demand level
for other category facilities is determined as described below.

ts+
In the seismic design and analysis guidelines presented in Sections 4.2.2 and 4.2.3, the

demand is compared to the ultimate capacity in order to assess the seismic adequacy of
structures or equipment for all facility use categories. While the ultimate capacities are the
same for all categories, the demand is different for each facility-use category, with larger
demand values being computed for more hazardous categories. The larger values are
indicative of the greater conservatism and reduced probability of damage or loss of capability
to function associated with the higher hazard categories. Demand provides a good means
for comparing guidelines among the various categories. The demand for General Use and
Important or Low Hazard facilities due to earthquake ground motion in accordance with the
provisions in Section 4.2.2, can be approximated by:
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D=,LFIkZDAF5R6W/Ry„ (A-1)

where: LF = load factor
I = importance factor

I= 1.0 for General Use facilities
I= 1.25 for Important or Low Hazard facilities

Z = peak ground acceleration appropriate for General Use
facilities (i.e., 2x10-3 exceedance probability)

k = a factor by which the peak ground acceleration differs
from that corresponding to the General Use category

k = 1.0 for General Use facilities
k = 1.25 for Important or Low Hazard facilities

In this section, peak ground acceleration for each category is expressed
as kZ where Z is the General Use category peak ground acceleration
and k is a factor accounting for the differences in peak ground accelera-
tions among categories such that k = 1.0 for General Use facilities, k
1.25 for Important or Low Hazard and Moderate Hazard facilities, and k

T = 2.0 for High Hazard facilities (k is the mean value of the ratio of peak
ground acceleration at the exceedance probability for the category con-
sidered to peak ground acceleration at the General Use category excee-
dance probability determined from the Reference 1 seismic hazard
curves).

DAF5%= dynamic amplification factor from the 5 percent ground
response spectrum at the natural period of the facility

W = total weight of the facility
ty, Rw = reduction coefficient accounting for available

energy absorption (Table 4-2)

yq . The demand for Moderate and High Hazard facilities due to earthquake ground motion in

accordance with the provisions in Section 4.2.3 can be approximated by:

^rt D=mDAFSo,ykZW/Fu

(7S
where: m = a factor accounting for the difference in spectral

amplification from 5 percent to the damping appropriate for
the facility In accordance with Table 4-4

e.g., m = 0.9 for 7 percent damping
m = 0.8 for 10 percent damping
m = 0.7 for 15 percent damping

(m values are from Reference 11)
k = ground motion factor as defined above

k = 1.25 for Moderate Hazard facilities
k = 2.0 for High Hazard facilities

Fu = inelastic demand-capacity ratio (Table 4-2)

(A-2)
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For any facility-use category, the demand, D, is compared to the code ultimate capacity, CAP,
to determine if the facility is adequate for earthquake ground motion. Note that the demand
as expressed by Equations A-1 and A-2 is only a general approximation. The demand for
specific cases depends on the particular characteristics of the input ground motion and
earthquake response spectra, as well as the effect of other loadings acting concurrently on
the facility. However, these approximations for the demand are utilized to establish seismic

design and analysis guidelines such that the performance goals described in Chapter 2 are

approximately met.

The relationship between performance goal exceedance probability and facility demand
is used to determine the specific values making up the seismic design and analysis guidelines

such that the performance goals described in Chapter 2 can be approximately met for
earthquake considerations. This relationship is the same as the relationship between hazard

exceedance probability and peak ground acceleration, as determined from the seismic hazard

curves. Differences in hazard exceedance probabilities correspond to differences in peak

>•_; ground acceleration for which the facility is to be designed or evaluated for earthquake effects.

These differences can be evaluated from the Reference 1 hazard curves by comparing ground

acceleration levels at different hazard exceedance probabilities. From the Reference 1 data

presented in Table 4-3, the mean ratio of peak ground acceleration for Low and Moderate

Hazard categories to that for the General Use category is about 1.25 (standard deviation is

0.08), and the mean ratio of peak ground acceleration for the High Hazard category to that

for the General Use category is about 2.0 (standard deviation is 0.21). As a result, a difference
in probability of 2 should also correspond to a difference in demand (or required facility

capacity) of about 1.25, and a difference in performance goal probability of 10 should corre-

^ spond to a difference in demand of about 2.0.
^09

The relationships described above between performance goal exceedance probability

and earthquake demand have been used to develop the specific limits on inelastic behavior

and other seismic provisions for Important or Low Hazard, Moderate Hazard, and High Hazard

categories. The differences in performance goal probability and facility demand between

Impoitant or Low Hazard, Moderate Hazard, and High Hazard categories and that for the

General Use category are tabulated below.

Cetegory Ratio of Performance
Goal to that for

General Use Fecilities

Important or Low Hazard 2

Moderate Hazard 10

High Hazard 100
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However, it should be noted that the performance goals for Important or Low Hazard,

Moderate Hazard, and High Hazard categories are different from the General Use category

in both probability level and in acceptable structural behavior. The goal for General Use facilities

is to prevent structural damage to the extent that occupants might be endangered. The goal

for the other categories is to maintain the capability of the facility to perform its function. As a

result, the facility demand for Important or Low Hazard, Moderate Hazard, and High Hazard

facilities should be even more different from General Use facilities than is indicated above.

The 1988 UBC provisions suggest an importance factor of 1.25 for essential facilities (similar

to the Important or Low Hazard category herein) to account for the difference in performance

goals between normal use and essential facilities. it seems reasonable that if the demand

levels for Important or Low Hazard, Moderate Hazard, and High Hazard categories were all

increased by an additional factor of 1.25 greater relative to the General Use category, the

differences in performance goal behavior would be fully accounted for.

a..
In addition, because of the increased hazard associated with Moderate and High Hazard

facilities, it is judged to be appropriate to provide some additional conservatism such that very

r_;•. high confidence of achieving the performance goal can be achieved. For this reason, the

^ facility demand for Moderate and High Hazard categories is further increased by an additional

factor of about 1.25 relative to other categories. More factors of conservatism have been

incorporated into the guidelines for Moderate and High Hazard facilities than for General Use

and Important or Low Hazard facilities in ordertoobtain higher levels of confidence of achieving

the performance goal for these facilities, which contain hazardous materials and which may

IN be sensitive to public opinion such that damage is especially undesirable. These additional

q factors have the effect of restricting inelastic behavior to be more closely elastic and of limiting

;*9
drift of the facility such that damage is controlled in the event of a severe earthquake.

Hence, assuming the performance goal for General Use facilities is achieved for seismic

design by following the 1988 UBC provisions, performance goals for other categories would

be achieved if the earthquake demand levels for other categories were as follows:

Note:

DILH / DGU = 1 •25x1.25 = 1.56 GU = General Use category

DMH / DGU = 1 •25x1.25x2.0 = 3.13 ILH = Important or Low Hazard category

DHH I DGU = 1•25x1.25x4.0 = 6.25 MH = Moderate Hazard category

HH = High Hazard category

A-18



Based upon Equations (A-1) and (A-2), these differences in earthquake demand for Important

or Low Hazard, Moderate Hazard, and High Hazard categories compared to that for the General

Use category are given by the following equations (k and I for the General Use category are

unity):

DILH / DGU = IILH kILH = 1.56

DMH/DGU=mkMHRw/(LF Fu-MH)=3.13

DHH / DGU = m kHH RW /(LF Fu-HH) = 6.25

(A-3)

(A-4)

(A-5)

Note that using an importance factor of 1.25 for Important or Low Hazard facilities
combined with a hazard exceedance probability which is one half that for General Use facilities
is approximatel equivalent to an importance factor of slightly more than 1.5 for Important or
Low Hazard facilities'rf the hazard exceedance probabilities were the same for both categories
as shown above. Hence, the guidelines presented herein for Important or Low Hazard facilities

^ are somewhat more conservative than the 1988 UBC provisions for essential or hazardous

facilities.

By these seismic design and analysis guidelines, Moderate and High Hazard facilities

- are to be evaluated by elastic dynamic analysis; however, the elastically computed demand

on the facility is permitted to exceed the capacity of the facility as a means of permitting limited

inelastic behavior in good structural systems with detailing for ductile behavior. The amount

that the elastic demand can exceed the capacity is the inelastic demand-capacity ratio, Fu.

Values for inelastic demand-capacity ratio, Fu, which when used with the seismic guidelines

^J described in Section 4.2.3, assure that the performance goals presented in Chapter 2 are

approximately met. A means of estimating Fu values which approximately meet the per-

formance goals is described below.

o'' Expressing the demand equations, (A-4) and (A-5) in general terms, the ratio of the

demand for Moderate and High Hazard categories to that for the General Use category is:

DMHorHH _ (k)(M)Rw s RAT10
DGU (LF)F„

Where: k = 1.25 for Moderate Hazard
k = 2.0 for High Hazard
m = 0.9 for Steel (7% damping)
m = 0.8 for Concrete (10% damping)
m = 0.75 for Masonry (12% damping)
m = 0.7 for Wood (15% damping)

(A-6)
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LF = 1.3 for Steel
LF = 1.4 for Concrete And Masonry
LF = 1.5 for Wood
RATIO = 3.13 for Moderate Hazard
RATIO = 6.25 for High Hazard

Equation (A-6) may be solved for inelastic demand-capacity ratio, Fu, as follows:

F (k)(m)RW
° (LF)(RAT1O)

r^r

..,^

(A-7)

Example calculations of Fu for Moderate & High Hazard steel moment frames using Equation

(A-7) are shown below:

MODERATE HAZARD HIGH HAZARD

k=125 m=0.9 k=2.0 m£0.9

RN.=12 LF£1.3 RN,=12 LF=1.3
RATIO - 3.13 RATIO = 6.25

F
-
(1.25)(0.9)(12) .

3.32 F,,.
(2.0)(0.9)(l2) =2.66`

(1.3)(3.13) (1.3)(6.25)

FO = 2.5 IN DOD MANUAL FO £ 2.0IN DOD MANUAL
Fu = 3.0 IN GUIDELINES FU = 2.5 IN GUIDEUNES

Example calculations of Fu for Moderate & High Hazard concrete shear walls in accordance

with Equation (A-7) are shown below:

MODERATE HAZARD HIGH HAZARD

k=1.25 m=0.8 k=2.0 m=0.8

Rh,=8 LF=1.4 R,N=e IF=1.4
RATIO = 3.13 RATIO = 625

f. s ( 1.25)(0.8)(8) a
1.83 F„ ^

(2.0)(0.8)(8) II
1.46-

(1.4)(3.13) (1.4)(6.25)

Fu = 1.5 IN DOD MANUAL FO = 1.25 IN DOD MANUAL
FU = 1.7 IN GUIDELINES FU = 1.4 IN GUIDELINES

Values of inelastic demand-capacity ratio, Fu, from Equation (A-7) along with values from

the DOD seismic provisions (Reference 11), are presented in Table A-1 for many structural

systems, materials, and construction.
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TABLE A-1
INELASTIC DEMAND-CAPACITY RATIOS FROM

EQUATION A-7 AND REFERENCE 11

No

•,r,

fA'+ '.,

nR

:^+?

^

Fu•

Aw Moderate High
Structural System Hazard Hazard

All A•7 R11 A-7

MOMENT RESISTING FRAME SYSTEMS
Columns •* 1.5 ** 1.25 **
Beams

Steei Special Moment Residing Space Frame (SMRSF) 12 25 3.32 2.0 2.66
Concrete SMRSF 12 25 274 2.0 219
Concrete Intermediate Moment Frame QMRSF) 7 - 1.60 - 1.28
Steel Ordinary Moment Resisting Space Frame 6 - 1.66 1.33
Concrete Ordinary Moment Resisting Space Frame 5 • 1.14 - <1

SHEAR WALLS
Concrete Beadng Walls 6 1.5 1.37 1.25 1.10
Concrete Non-Bearing Welis 8 1.5 1.83 1.25 1.46
Masonry Bearing Walls 8 1.25 1.29 1.1 1.03
Masonry Non-Bearing Walls 8 125 1.71 1.1 1.37
Pywood Bearing Walls 8 25 1.49 2.0 1.19
Plywood Non-Bearing Wdia 9 2.5 1.68 2.0 1.34
Dual System, Concrete with SMRSF 12 1.5 274 1.25 2.19
Dual System, Concrete with Concrete IMRSF 9 1.5 2.06 1.25 1.65
Dual System, Masonry with SMRSF 8 1.25 1.71 1.1 1.37
Dual System, Masonry with Concrete IMRSF 7 1.25 1.50 1.1 1.20

CONCENTRIC BRACED FRAMES
(BRACING CARRIES GRAVITY LOADS)

Steel Beams 6 1.75 1.66 1.5 1.33
Steel Diagonal Breces 6 1.5 1.66 1.25 1.33
Steel Columns 6 1.5 1.66 1.25 1.33
Connections of Steel Members 6 1.25 1.66 1.0 1.33
Concrete Beams 4 1.75 <1 1.5 <1
Concrde Diagond Braces 4 1.5 <1 1.25 <1
Concrete Columns 4 1.5 <1 1.25 <1
Connections of Concrete Members 4 1.25 <1 1.0 <1
Wood Trusses 4 1.75 <1 1.5 <1
Wood Columns 4 1.5 <1 125 <1
Connections in Wood (otherthan nails) 4 1.5 <1 1.25 <1

CONCENTRIC BRACED FRAMES (NO GRAVRY LOADS)
Steel Beams 8 1.75 222 1.5 1.77
Sted Diagonal Braces 8 1.5 2.22 1.25 1.77
Steel Columns 6 1.5 2.P2 1.25 1.77
Connections of Steei Members 8 1.25 2.22 1.0 1.77
Concrete Beams 8 1.75 1.83 1.5 1.46
Concrete Diagonal Braces 8 1.5 1.83 1.25 1.46
Concrete Columns 8 1.5 1.83 1.25 1.46
Connections of Concrete Members . 8 1.25 1.83 1.0 1.46
Wood Trusses 8 1.75 1.49 1.5 1.19
Wood Columns 8 1.5 1.49 1.25 1.19
Connections in Wood (other than nails) 8 1.5 1.49 125 1.19
Beams and Diagonal Braces, Dual Systems

Steel with Steel SMRSF 10 - 277 • an
Concrete with Concrete SMRSF 9 - 206 • 1.65
Concrete with Concrete IMRSF 6 - 1.37 1.10

STEEL ECCENTRIC BRACED FRAMES (EBF)
Columns ** 1.5 ** 1.25 "
Beams and Diagonal Braces 10 • 277 - 222
Beams and Diagonal Braces, Dual System with Steel SMRSF 12 - 3.32 - 2.66

Columns marked H71 are inelastic demand-capacity rdios directly from Reference 11. Columns marked A-7 are
Inelastic demand-capacity rdios calculated from Equation (A•7).

t1 Values are the same as for beams and braces in this structural system
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The inelastic demand-capacity ratios from Equation (A-7) are based on the structural

systems for which reduction coefficients, Rw, are given in the 1988 UBC provisions. These

provisions give different reduction coefficients for bearing wail systems and for building frame

systems in which gravity loads are carried by different structural members than the lateral force

resisting system. In addition, the 1988 UBC provisions distinguish between different levels of

detailing for moment resisting spaceframes, between eccentric and concentric braced frames,

and between single and dual lateral load resisting systems. Consequently, Equation (A-7)

results in more inelastic demand-capacity ratios than Reference 11, which does not make the

above distinctions. On the other hand, DOD provisions give different inelastic demand-

capacity ratios for individuai members of the lateral load-resisting system, while 1988 UBC

reduction coefficients refer to all members of the lateral load resisting system.

In general, there is reasonable agreement between the inelastic demand-capacity ratios

from Reference 11 and those computed from Equations (A-7). For example, the DOD inelastic

demand-capacity ratio for concrete shear walls is between the values for bearing and non-

bearing walls from the equations. The DOD values are much lower than the values computed

c` when shear walls act as a dual system with ductile moment resisting space frames to resist

4 seismic loads. The inelastic demand-capacity ratios for braced frames agree fairly well in the

case where the bracing carries no gravity loads. When bracing carries gravity loads, values

for steel braced frames are in good agreement, but based on Equation (A-7), no inelastic
M•

behavior would be permitted for concrete braced frames or wood trusses. The DOD inelastic

demand-capacity ratio for beams in a ductile moment resisting frame fall between values from

='-° the equations for special and intermediate moment resisting space frames (SMRSF and IMRSF

^ as defined in Reference 10). However, the DOD values for columns are low compared to

values derived from the code reduction coefficients.

Cr, Based upon the data presented in Table A-1, the inelastic demand-capacity ratios for

seismic design and analysis of Moderate and High Hazard facilities presented in Table 4-2

have been selected. Because of the reasonable agreement with the DOD values from Ref-

erence 11 combined with the capability to distinguish between a greater number of structural

systems, the values derived from Equation (A-7) have been given somewhat more weight for

Table 4-2 than Reference 11 values. The only major exception is that Reference 11 values for

columns have been utilized. Increased conservatism for columns as recommended in the

DOD manual Is retained. In addition, Reference 11 provides slightly different values for different

members making up braced frames, and these differences are retained.
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In Section 4.2.3, Moderate and High Hazard facilities must meet minimum seismic

requirements of the 1988 UBC static force method provisions with an importance factor, I, of

= 2.0 and peak ground acceleration corresponding to Moderate or High Hazard category hazard
exceedance probabilities, respectively. The purpose of these additional seismic requirements

is twofold. First, these requirements provide a relatively simple approach to establish rea-

sonable initial designs of facilities to be evaluated for earthquake effects by dynamic analyses

as required for these categories. Second, the 1988 UBC type provisions may govern the

seismic design in cases where structural members are heavily loaded by dead and live loadings

in addition to earthquake excitation. 1988 UBC and DOD seismic provisions differ. In the 1988

UBC approach, only the element forces due to earthquake loads are reduced by the reduction

coefficient, Rw, in evaluating facility demand. In the DOD approach, element forces due to

both earthquake and dead and live loads are reduced by the inelastic demand-capacity ratio,

Fu, in evaluating the facility demand. The effect of these differences is that the DOD approach

may be less conservative for beam or brace members heavily loaded by dead and live loads..^.
The minimum 1988 UBC type seismic requirements assure that Moderate and High Hazard

requirements are substantially more stringent than those for the Important or Low Hazard

ts^ category, even if members have significant dead and live loadings.

,%j

:>±

^
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